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ABSTRACT
MICROSTRUCTURE, VACANCIES AND VOIDS
IN HYDROGENATED AMORPHOUS SILICON
by Rajendra Timilsina
December 2012
This dissertation presents a theoretical and computational study of microstructure, vacancies
and voids in hydrogenated amorphous silicon (a-Si:H). The microstructure consists of all
possible silicon-hydrogen bonding configurations such as SiH, SiH2 , SiH3 and SiH4 . However,
it is highly dominated (approximately 75% or even more) by monohydride (SiH) configurations.
Furthermore, the hydrogen atoms locate in both clustered and diluted phases; as a result, the
distribution becomes highly inhomgeneous. Approximately 5% of hydrogen atoms reside in a
form of isolated monohydrides at the lower (7 at.%) concentration whereas such configurations
do not appear at the higher concentrations (≥14 at.%).
The microstructure is further enriched with different types of vacancies such as mono- and
divacancies. At the lower hydrogen content, it consists of split divacancies whereas voids appear
in the higher concentrations (≥16 at.%). Structures of the voids are highly irregular and their
internal surfaces consist of 6 − 16 hydrogen atoms. The microstructure further shows hydrogen
molecules within the voids at the higher (≥16 at.%) concentrations. However, the concentration
of the molecules is very low, in a range of 0.9 − 1.4% of the total hydrogen atoms.
In order to investigate the microstructure in further detail, an approximate calculation of the
nuclear magnetic resonance (NMR) line spectra is performed. The aproximated line spectrum
is a superposition of broad (19 − 50 kHz) and narrow line widths (1.7 − 6 kHz) depending
on the concentration of hydrogen atoms. These observations are in excellent agreement with
infrared (IR), nuclear magnetic resonance (NMR), multiple quantum nuclear magnetic resonance
(MQ-NMR) and calorimetry experiments as well as ab initio calculations.
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Chapter 1
INTRODUCTION

1.1

Amorphous Semiconductor

The semiconductor industry today is a trillion dollar market that accounts for almost 8% of
the total global economic activity [1]. Although crystalline semiconductors have dominated
the industry, amorphous semiconductors are emerging in these days because of their special
properties [2, 3, 4] which make the materials suitable for several technological applications
[5, 6]. They are often inexpensive to prepare and their properties can be engineered to suit
particular applications. Another attraction of the amorphous semiconductor is in the solar energy
industry [7]. The industry uses both crystalline and amorphous silicon in manufacturing of solar
cells. Nowadays, 30−40 % of the solar cells are thin-film solar cells made from the amorphous
silicon [8, 7]. Therefore, more research works are essential on the material to understand its
special properties for technological applications.
Amorphous semiconductors are special types of disordered materials that have short-range
orders with long range disorders [6, 9]. It is characterized as an irregular arrangement of atoms
or molecules in meta-stable (non-equilibrium) states [10, 11]. Its structure varies with nature of
bonding schemes of constituent atoms. As a result, the structure becomes a continuous random
network (CRN) [6]. Absence of an ordered atomic structure in amorphous materials necessitates
a different theoretical approach [9] than the theory of crystalline semiconductors. A description
of the amorphous materials is developed instead from chemical bonding between the atoms,
with emphasis on the short range bonding iterations rather than the long range order [9] .
Structural disorder [10, 12] influences electronic properties [3, 13, 14] in several different
ways, and manifest in the form of bonding disorder, structural defects [15, 16] and alternative
bonding configurations [6]. The bonding disorder, such as deviations in bond lengths and bond
angles, broadens the electron distribution of states and causes electron and hole localization as
well as strong scattering of the carriers. One of the structural defects [16], for example, broken
bonds have their corresponding electronic states that lie in the band gap, as a result, the energy
band gap becomes narrow [14, 17]. Moreover, possible alternating bonding configuration of
each atoms leads to a strong interaction between the structural and electronic states that causes
meta-stability [11, 18, 19] in the amorphous semiconductor.

2
1.2

Amorphous Silicon

Amorphous silicon is a glassy form of silicon, one of the most common elements in the Earth’s
crust [7]. It is easy to prepare and has some special properties that make it very useful in
electronic devices like position-sensitive detectors [20], field effect transistors [21], liquid
crystal display [22], solar cells [7, 23] and many more other electronic devices [6]. It can be
prepared in several different ways. The most common is to decompose silane gas (SiH4 ) by
using a radio frequency discharge in a vacuum chamber [9]. Silicon produced in this process
may be deposited in very thin films on substrates such as glass, stainless steel or ceramic [7].
This makes amorphous silicon a promising material for large-scale use in thin film solar cells
[23]. Although amorphous silicon suffers from lower electronic performance [13] as compared
to the crystalline silicon, it is more flexible in its applications. For instance, amorphous silicon
layers can be made thinner than the crystalline silicon [8]. Moreover, it can be deposited at
very low temperature (as low as 75 degree Celsius) that allows for deposition on not only glass,
but also on plastic as well [7]. The amorphous silicon also can be deposited over large area by
plasma-enhanced chemical vapor deposition (PECVD) that reduces the production cost of solar
cells significantly [5].
Although considerable work has been done over the past 40 years, there are several aspects
of the material to be studied thoroughly. We need to find better ways of making it, faster ways of
depositing it, and ways of fabricating it into electronic devices. One of the main shortcomings
at present is that its properties tend to change under illumination or heating [24, 25] and this
can reduce the effectiveness of any device that uses it. Ways need to be found to stabilize the
material so that it achieves its full potential.
There are many potential applications of amorphous thin film semiconductors such as
the hydrogenated amorphous silicon [5, 7]. However, there are still many materials science
problems that must be overcome before amorphous semiconductors achieve their full potential
[7]. One possibility is that the amorphous silicon, because of its special attributes of low-cost
and ease of preparation, could become the mainstay of the solar cell industry. In the future, we
could see huge arrays of solar cells collecting sunlight and converting it into electricity. This is
not a science fiction - the costs of doing this are falling rapidly and within a decade, large-scale
electricity production from solar cells may be a reality [5]. The hydrogenated amorphous silicon
is one of the leading contenders for this role.
1.3

Hydrogenated amorphous silicon

In general, a silicon atom is trahedrally-bonded to four nearest neighbors. If it is bonded with
less than four atoms then the silicon atom has dangling bonds (DB). If it is connected with more
than four atoms then the silicon atom has floating bonds (FB) [26]. Schematic diagrams of the
dangling and the floating bonds are shown in Figure 1.1. The figure (in the left) shows that a
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silicon atom is bonding with only three atoms and it has a capacity to bond one more atom. Such
configuration is considered as a dangling bond. In right side of the figure, the silicon atom is
connected with five atoms and the dashed line is considered as a floating bond. These dangling
and floating bonds are considered as defects in the amorphous state and they are responsible for
poor quality of technological devices [6].
Amorphous silicon (a-Si) has large number of such dangling bonds [27] with concentration
1015 − 1020 cm−3 depending on the method of preparation [3] as well as deposition conditions
[6]. Those bonds degrade the quality of electronic devices [28]. Hydrogenation is one of the
most useful techniques to pacify those dangling bonds so that the performance of the devices
improves significantly [29]. Therefore, hydrogenated amorphous silicon (a-Si:H) is used in
electronic devices rather than the amorphous silicon itself. Furthermore, hydrogen plays very
important role [30] to determine the electronic [14] and optical properties [31] of the material.
However, it may cause light-induced degradation which is called Staebler-Wronski effect [32]
and several research works have been performed to understand the effect [24, 25, 33, 34, 35].
Therefore, the distribution of hydrogen atoms and their bonding schemes are to be studied
thoroughly in the hydrogenated amorphous silicon.

Figure 1.1: A schematic diagram of a dangling bond (left) and a floating bond (right). Silicon
atoms are shown as black circles.

1.4

What is hydrogen microstructure?

Hydrogen microstructure refers to the structure of hydrogenated amorphous silicon on a scale of
several angstroms that can provide crucial information about bonding mechanisms, distribution
of hydrogen atoms and structure of defects such as vacancies and voids in the network. Although
several experimental [10, 36, 37, 38, 40] and theoretical works [41, 42, 43, 44, 45] have been
devoted on the material in the past four decades, there are very few studies [46, 47, 48, 49] that
explicitly focused on the hydrogen microstructure. Disorder in the bond length and bond angle
distributions of hydrogen atoms [50, 51, 52] as well as their effects on the quality of electronic
devices are not completely understood yet [6]. Thus, the main purpose of this work is to devote
on the hydrogen microstructure so that one can understand the material in the further depth.

4
1.5

Experiments of hydrogenated amorphous silicon

Generally, amorphous materials are prepared via non-equilibrium processes [6], thus, properties
of prepared samples depends on the method of preparation. Major preparation methods include
rapid quenching from liquid phase, rapid condensation from the gas phase and formation
from the solid phase [9]. The first and the second methods are popular for the preparation
of glassy and amorphous materials respectively whereas the third method is useful for the
ion-implantation [6]. The second method can be further divided into physical vapor deposition
and chemical vapor deposition. Sputtering is an example of the physical vapor deposition. On
the other hand, plasma-enhanced chemical vapor deposition (PECVD) method is mostly used
while preparing the samples of hydrogenated amorphous silicon, which is an example of the
chemical vapor deposition method. Once the samples are prepared, x-ray scattering [53] or
neutron diffraction [54] methods are used to study the structure of the samples. In addition,
nuclear magnetic resonance (NMR) [38, 46] and infrared (IR) experiments [55, 56, 57, 58] are
the most used probes that provide crucial information of bonding mechanisms as well as the
distribution of clustered and diluted hydrogen atoms respectively.
1.6

Computer simulation of hydrogenated amorphous silicon

Computer simulation for modeling structure of amorphous semiconductors provides an important basis of structural understanding of the material. Experimental investigations that are
described in the earlier section for determination of structure are not enough to understand the
structure of amorphous semiconductor. One of the reasons behind it is the absence of long-range
order. It gives rise to broadening of the diffraction pattern [9]. Therefore, comparison between
the results of computer simulations and experiments leads us to a better understanding of
the structure. There are two major computer simulation methods: Monte Carlo (MC) and a
molecular dynamics (MD).
Monte Carlo simulations are being used for solving physical or mathematical systems by
nonderminitic or stochastic methods [59]. However, in this context, it is used for structural
determaination of disordered materials. Although MC technique is described in detail elsewhere
[60, 61], only the relevent parts are presented here. A penalty function is considered and that has
to be optimized with respect to experimenatal data by moving particles or atoms in amorphous
networks. For example, a radial distribution function or a structure factor is optimized using
this technique with respect to experimental data by moving atoms within the network. While
doing so there can be several particle congurations which have the radial distribution functions
consistent with experimental data. These configurations can later be used for geometrical
analysis. Thus, depending on nature of a problem, a suitable penalty function is to be defined
in most of MC simulations and then the function is optimized with respect to experimental
data (or reference data). Monte Carlo simulation can be performed in many ways depending
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on problems. However, one of the useful ways while determining the structure of amorphous
material is described below.
Monte Carlo may consist of several algorithms depending on a nature of a problem. However,
while modeling the amorphous materials, time evolution of constituent atoms is pursued to
a statistical equilibrium at a given temperature [9]. In this method, one starts with a model
structure and search for a network with lower energy by changing atomic positions, bond angles
and bond length etc. Empirical or semi-empirical potentials such as Keating [62], StillingerWeber [63], Tersoff [64] etc. are often used while searching for the minimum energy to get a
meta-stable configuration. However, the first-principles or ab initio methods [40, 41, 45, 65]
are mostly used to get the meta-stable configuration of amorphous silicon by relaxing the final
structure. On the other hand, the MD method begins with Newton’s equation of N atoms
in which force is derived from potential energy [66]. The potential energy is determined
by electronic states of atoms mutually interacting with each other. Therefore, when atomic
configurations change, we calculate electronic states for new configurations and then evaluate
again the potential energy.
Most of the ab initio MD methods [41, 67] treat both atomic and electronic states of the
system self-consistently. Car and Parrinello [68] proposed a practical and powerful ab initio MD
method by combining MD and density function theory (DFT). Their approach not only extends
MD beyond usual pair-potential approximations but also allows the simulation of covalentlybonded and metallic systems. However, realistic models of the material are being generated
and studied after applying some modifications in the existing methods [42, 61, 69]. It is to be
noted that any computer model which is generated from these methods could not represent the
real sample exactly because of some approximations made in the methods. However, it can
represent those sample within an acceptable range of uncertainties based on the method. The
first-principles or ab initio and DFT methods are widely accepted in semiconductor research
because of their efficacy for providing very close results with experiments [42, 68].
Likewise in experiments, a realistic model (a sample from computer simulation) should be
generated before analyzing its structure. For experimental samples, x-ray scattering [70] or
neutron diffraction [54] probes are being used to study the structure of the sample. On the other
hand, radial distribution functions (RDF) [71] or pair correlation functions (PCF) [6], bond
angle distribution functions [42], reducible and irreducible ring statistics [72] etc. are used to
study the structural aspects of the realistic models. Electronic density of states (EDOS) and
vibrational density of states (VDOS) calculations [15, 73] are used to analyze the electronic
[13] and vibrational properties [74, 75] of the models respectively. In addition, calculations of
nuclear magnetic resonance line spectra provides several important information [39, 76, 77]
regarding the distribution of hydrogen atoms in the amorphous silicon network.
The plan of the dissertation is as follows. In Chapter 2, we briefly discuss the literature which
have been devoted on hydrogenated amorphous silicon followed by Density Functional Theory
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(DFT) and related first-principles methods. Chapter 3 belongs to the hydrogen microstructure
whereas we discuss the structure of vacancies in chapter 4. We present an information-based
inverse method, that uses simultaneously the nuclear magnetic resonance (NMR) moments and
hydrogen cluster information, as an input of the method while generating some realistic models
of the hydrogenated amorphous silicon. We present procedure of the method and results in the
fifth chapter, followed by voids with molecular hydrogen in chapter 6. Finally, we summarize
the entire work in chapter 7.

7

Chapter 2
BACKGROUND

2.1

A brief literature survey

Hydrogenated amorphous silicon (a-Si:H) was first produced by Chittick et al in late 1960s via
glow discharge deposition technique [78]. However, an essential role of the hydrogen in a-Si:H
was only recognized by Paul et al in 1974 [6]. They studied the high defect density of amorphous
silicon prevented the material, from being useful for electronic devices, by introducing hydrogen
to lower the defects significantly into the sputtering system. Although the device research on
a-Si:H was started by Carlson and Wronski in 1976 with the development of photo-voltaic
devices [23] at RCA laboratories, research on large area electronic arrays of a-Si:H devices
was started a few years later after the first field effect transistors were reported by Snell et al in
1981 [22]. In a the past three decades, several experimental [37, 38, 46, 79, 80] and theoretical
[40, 41, 60, 48, 49, 81, 82] studies have been conducted on the material because of its wide
range of application in technological devices.
Nuclear magnetic resonance (NMR) [39, 38, 46] and infrared (IR) spectroscopy [37, 55, 83]
are two widely used techniques to address the hydrogen micro-structure in amorphous silicon.
NMR data reveal the nature of the hydrogen distribution via dipolar interactions [77, 84, 85]
between the hydrogen atoms. On the other hand, the IR experiments identify the presence
of various silicon-hydrogen bonding configurations by probing the bonding environment of
hydrogen atoms [19, 57]. A highly inhomogeneous distribution of hydrogen atoms in amorphous
silicon was observed for the first time by Reimer et al [38] via a proton magnetic resonance
study on plasma-deposited samples. Their research shows that the hydrogen atoms can reside
both in clustered and diluted environments as a result the hydrogen distribution becomes highly
inhomogeneous.
While NMR studies can not provide directly a description of the hydrogen distribution in
the network [86], it is possible to infer useful information about the size of hydrogen clusters
and the nature of the distribution (either sparse or dense) of hydrogen atoms in the samples
by analyzing the shape and the width of an NMR spectrum. A typical NMR spectrum of a
device-quality sample shows the presence of both narrow and broad line widths, which can be
approximated as a convolution of a truncated Lorentzian and a Gaussian distribution [77]. An
analysis of the NMR spectra of amorphous silicon samples with 8 − 32 at.% H by Reimer et al
[38] reported that the broad line width of the spectrum lie in the range 22 − 27 kHz, whereas
the narrow line width was of the order of 3 − 5 kHz. Similar observation was also reported in
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the NMR experiments by Carlos et al [39], who also noted a variation of the line width of up to
20% depending on the nature of amorphous samples used in the measurements.
Although several studies were performed as mentioned earlier, Baum et al [87] presented a
definitive picture about the micro-structure from multiple- quantum nuclear magnetic resonance
(MQ-NMR) experiments. These experiments confirmed that for device-quality samples a
characteristic feature of the micro-structure was the presence of small clusters (of size 4 − 7
H atoms), and with increasing concentration of hydrogen these clusters merged into large
clusters. Furthermore, these experimental data suggest that the distribution is inhomogeneous
and the micro-structure mainly consists of small (hydrogen) clusters and a dilute distribution of
hydrogen atoms dispersed in the silicon matrix at the low hydrogen concentration. However,
a study by Wu et al [88] on hot wire chemically vapor deposited (HW-CVD) samples shows
that a new hydrogen distribution with broad line widths of about 34 − 39 kHz for the glow
discharge (GD) samples of concentration 8 − 10%, and about 47 − 53 kHz for the hot wire
(HW) samples of concentration 2 − 3%. In these both samples, the narrow line width lies in the
order of 3 − 6 kHz. It means even at very low concentration, it is possible to have large clusters
of hydrogen in the samples that can produce a line width as broad as 50.0 kHz. Therefore,
the micro-structure can vary significantly depending on the preparation conditions, method
of deposition and substrate temperature, and not just on the concentration of hydrogen in the
samples.
Infrared (IR) spectroscopy [37, 55, 83] on the other hand, detects the presence of different
hydride configurations by measuring the vibrational frequencies of hydrogen in various hydrogen
bonding environments [41, 89, 90]. The results from the IR studies by Ouwens et al [47] reported
that for device-quality samples, 3 − 4% of total hydrogen atoms reside in the network as isolated
or distributed mono-hydrides (SiH). This observation is consistent with the MQ-NMR study of
Baum et al [87] on the device-quality samples of hydrogenated amorphous silicon. Furthermore,
the IR experiments by Manfredotti et al [55] and Lucovsky et al [37], and the MQ-NMR study
by Baum et al [87] provided evidence of the presence of various hydride configurations such as
SiH, SiH2 and SiH3 in device- quality samples. They also observed that at high concentration
the amorphous silicon networks consist of open chains of (SiH2 )n .
The hydrogen micro-structure is further enriched by the presence of vacancies [79, 91, 92],
voids [53, 93, 94] and molecular hydrogen [80, 95, 96] in the networks. The Mos̈abauer
spectroscopic studies by Hoven et al [79] showed the presence of vacancies in hydrogenated
amorphous silicon. Similarly, Smets et al [97] observed that the micro-structure is dominated
by mono- and divacancy at low concentration of up to 14 at. % H, and micro-voids or voids at
high concentration beyond 14 at. % H. These results were obtained from the samples by means
of infrared absorption spectroscopy prepared via an expanding thermal plasma techniques. The
presence of molecular hydrogen in the amorphous silicon network has been studied extensively
by several groups using NMR [39, 53, 80], infrared-absorption [55] and calorimetry experiments
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[98]. These experiments show that approximately 1% of total hydrogen can reside in the network
in the molecular (H2 ) state [80, 96, 98].
As compared to the experimental studies, there are very few theoretical studies that explicitly
focus on the hydrogen micro-structure of amorphous silicon [41, 48, 49, 60, 81, 82, 99]. For
instance, Drabold et al [81], Jarolimek et al [40] and Ranber et al [72] etc., have focused on the
hydrogen micro-structure. In addition, the theoretical studies by Kim et al [91] focused on the
calculation of electronic structure of hydrogenated amorphous silicon and some properties of
vacancy configurations, such as the changes in the volume of a vacancy upon relaxation of the
network. Zhang et al [100] studied the creation of higher order vacancies and their stability by
relaxing the network from first-principles calculations. Their observations show that any higher
order vacancy had the tendency to evolve into a lower order vacancy including a mono-vacancy
and a stable divacancy.
A unsatisfactory feature of these theoretical studies [81, 82, 91, 100] as mentioned above,
was that the vacancies or defect configurations were created artificially or by hand, which were
then relaxed locally or globally in order to obtain a stable vacancy configuration. These approaches are correct in principle and a prolonged first-principles molecular dynamics simulation
can indeed find the minimum energy (stable) configuration of the defects. However, a short
local or global relaxation may not be sufficient to eliminate the initial bias associated with the
defect creation (by hand) in an over-constrained network. Here we have generated the models in
which the vacancies [60], voids and molecular hydrogen manifested themselves while relaxing
the hydrogenated amorphous silicon network from the first- principles method [101].
At the end of literature review, we would like to mention that to our knowledge no theoretical
work has been devoted to calculated nuclear magnetic resonance line spectra of hydrogenated
amorphous silicon other than just calculating the first few moments, broad and narrow line
widths [39, 87]. Therefore, we have calculated a theoretical NMR line spectra of different
models and compared with the experimental line spectra [102]. The calculated line shapes are
very close with the NMR experiments [39]. Details of the line spectra calculations has discussed
in the fifth chapter.
2.2

Density Functional Theory

Material properties are related to microscopic processes which rely on quantities that are not
assessable by experiments but they can be extracted from atomistic simulations. The firstprinciples or ab inition calculations solve the Schrödinger equation of the electrons for a given
atomic configuration without any fitting parameters [67, 103, 104, 66]. Density Functional
Theory (DFT) is the first-principles method that deals with many-body densities rather than
the many-body wavefunctions. It is a quantum mechanical modeling method to investigate the
electronic structure mainly the ground state properties [68, 105, 106, 101]. In other words, the
method reformulates the energy of an atomic system as a functional of the ground state electron
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Figure 2.1: A flow chart of the self consistent loop (SCF) in DFT.
density rather than the electron wavefunction [106]. Although the DFT has a conceptual root in
the Thomas-Fermi model, it was put on a firm theoretical footing by two very important theorems
called Hohenberg-Khon theorems [107]. The first theorem demonstrates that the ground state
properties of a many electron system can be uniquely determined by an electron density. It
can reduce the many-body problem of N electrons with 3N spatial coordinates to 3 spatial
coordinates. The second theorem defines an energy functional in which the correct ground
state electron density minimizes that energy functional [107]. However, another foundation
to construct the DFT without the Hohenberg-Kohn theorems is getting popular that uses a
Legendre transformation from external potential to electron density [108].
The DFT is further extended by Kohn and Sham [109] by introducing an effective potential.
This concept corresponds to a mean-field approach in which the wavefunction is decomposed
into a product of single electron orbitals [106, 101]. However, it neglects correlations; as a
result, a functional Exc [ρ(r)] must be introduced to capture exchange and correlations interac-
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tions in the Hamiltonian. The following equation, so called Kohn-Sham equation, is a single
particle Schrödinger equation, and it is derived from the modified Hamiltonian after applying
the variation principle [109]. Furthermore, it includes an effective potential ve f f (r) which
incorporates the exchange and correlation interactions.
 2

−h̄
2
5 +ve f f (r) ψi (r) = εi ψi (r)
2me

(2.1)

The terms ψi and εi are electron orbitals and the corresponding eigen values. The effective
potential, ve f f (r), can be written as
Z

ve f f (r) = Vext (r) +

ρo (r0 ) 0 δ Exc [ρo (r)]
dr +
|r − r0 |
δ ρ(r)

(2.2)

where vext (r), ρo (r0 ) and ρo (r) are external potential, ground state electron density and electron
density respectively. Furthermore, the second and third term in the right side of the equation
represent electron-electron interaction, Vee (r), and exchange-correlation interactions, Vxc (r),
respectively.
In order to describe essential steps of a DFT calculation, flow chart of a self-consistent
loop [105, 106] is presented in Figure 2.1. First, an initial guess of the electron density ρi (r)
is used to calculate the effective potential, ve f f (r). The Kohn-Sham equation (see Equation
2.1) is solved and a current electron density, ρ f (r), is calculated along with the total energy,
Etot [ρ f (r)]. If the loop acheived convergence then output quantities are calculated, otherwise a
new density is calculated by mixing initial and the current electron densities as shown in the
flow chat. The numerical procedure is continued as long as the convergence criterion is not
fulfilled with the new electron density, ρnew (r), instead of the initial guess, ρi (r). The electronic
part of the system is solved only when the self-consistency is achieved as shown in the flow
chart [106]. The total force is calculated from the electronic and ionic forces.
2.3

Simulation process

In this dissertation, simulations are performed using the Spanish Initiative for Electronic Simulations with Thousands of Atoms (SIESTA) [106, 101]. SIESTA is an ab-initio density functional
calculation based on numerically- truncated local orbitals [106]. The code performs according
to the self-consistent loop as described in the earlier section. The code can perform total energy
calculations, structural relaxations, as well as force constant calculations to determine phonon
dispersions and also electronic transport calculations [101]. Furthermore, it is a self-consistent
density functional method that uses standard norm-conserving pseudo-potentials [106, 110, 111].
The code also includes a flexible numerical linear combination of atomic orbitals basis set as
well as multiple-zeta and polarization orbitals. In this code, exchange and correlation are treated
with the local spin density or generalized gradient approximations [109, 106].
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In order to calculate the Hartree and exchange-correlation potentials and matrix elements,
the electron density and the basis functions are projected on a real space grid with a number
of operations that may scale linearly with the size of the system (number of atoms) [106].
However, it may not be true for all materials. SIESTA uses a modified energy functional,
whose minimization produces orthogonal wave functions and the same energy and density as
the Kohn-Sham energy functional, without the need for an explicit orthogonalization [109].
Furthermore, it uses localized Wannier-like electron wave functions that allows the computation
time and memory required to minimize the energy to also scale linearly (not always) with the
size of the system [101]. The code also calculates forces and stresses efficiently and accurately
that permits structural relaxation and molecular dynamics simulations [106]. In this work, we
use the code mostly in relaxing the structure of the realistic models as well as calculating their
electronic density of states (EDOS).
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Chapter 3
HYDROGEN MICROSTRUCUTE

3.1

Introduction

We study the hydrogen micro-structure that provides crucial information about silicon-hydrogen
bonding mechanisms [55], distribution of hydrogen atoms [38] and coordination defects [16] in
realistic models of hydrogenated amorphous silicon. We first describe how the models were
generated [61] followed by the results and discussion. In this section, we also present theoretical
calculations of nuclear magnetic resonance (NMR) line widths [77] that can describe further
the hydrogen micro-structure.
3.2

Models of hydrogenated amorphous silicon

We study two realistic models of a-Si:H at 7 at.% (number of hydrogen atoms/total number
of atoms) and 22 at.% of hydrogen concentrations generated by Experimentally Constrained
Molecular Relaxation (ECMR) method [61]. The method has been applied to model a number
of complex glassy systems in recent years [60, 112]. It has the ability to combine the power of
a first-principles force field [67] with the available experimental information of the material.
Furthermore, the method constructs a series of guesses of the solution that are consistent with
the available experimental data and an appropriate force field. Then, these approximate solutions
are refined in an augmented solution space, which is a direct product of the configuration space
of a potential (either empirical or first-principles) and that of the solution space feasible to the
input experimental data. The details of the method are described in Ref [61, 60]. However, we
briefly present the characteristic features of the method in the following paragraph.
The ECMR is a two-step process that involves Monte Carlo method [61] followed by firstprinciple relaxations. It consists of packing silicon atoms randomly into a cubic super cell
with a constraint that no two atoms are closer than 2.0 Å to each other. The density of the
super cell is adjusted by applying periodic boundary conditions to match with the experimental
density of amorphous silicon. Then, a quadratic penalty function is introduced to incorporate
experimental pair correlation data along with a set of constraints that describe the chemical and
geometrical properties of the networks. Then, the penalty function is optimized to provide a set
of amorphous silicon co-ordinates which is used to hydrogenate the network in the next step.
The method uses similar but not identical hydrogenation process used by Holender, Morgan
and Jones [99]. Then, the hydrogenated networks are relaxed several times using SIESTA [106]
during the second step to ensure that the total force on the atoms is less than 0.007 eV−1 . While
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relaxing the networks, silicon atoms are treated using a minimal single ζ (sz) basis, whereas a
double ζ with polarization (DZP) orbitals is employed to represent the correct bonding behavior
and hydrogen interaction accurately [60]. We choose the size of the model in the order of 500
atoms, because it is found to be sufficiently large to show no finite size effect. However, the size
is small enough to relax by the first-principles density functional code SIESTA [106, 101].
These two models were previously validated thoroughly by comparing their structural,
electronic and vibrational properties to the experimental data [60]. In this work, we focus on
micro-structure, vacancies, and theoretical calculations of nuclear magnetic resonance line
width of the hydrogenated amorphous silicon. The model at low concentration (7 at.% H)
consists of 540 atoms with 2.9% defect concentration (including both dangling and floating
bonds). The average co-ordination number of the model is 3.98. However, the model at high
concentration (22 at.% H) has only a defect (a two-fold Si atom). It is to be noted that both the
models have clean electronic band gaps and the correct vibrational density of states [60].
3.3
3.3.1

Results and Discussion
Bonding schemes in a-Si:H

Silicon and hydrogen have different bonding properties [83]. Silicon forms a rigid nonequilibrium structure whereas the hydrogen has more mobile equilibrium structure [6]. In
addition, hydrogen can partially penetrate the silicon network [113]. However, stable SiH and
unstrained Si-Si bonds are very strong so that the hydrogen can not break those bonds. On the
other hand, it can break strained Si-Si bonds either into stable SiH or unstrained Si-Si bonds
because the highly strained Si-Si bonds have energies close enough to the chemical potential of
hydrogen [6].
At low hydrogen concentration (7 at.%) model, approximately 75% of total hydrogen atoms
form mono-hydrides (SiH) and the remaining hydrogen atoms are found in dihydrides (SiH2 )
configurations. Approximately 5% of bonded hydrogen are observed in a form of isolated
mono-hydrides (not more than one hydrogen atom within a radius of at least 6 Å). One of
such configurations is shown in Figure 3.1. The figure shows a three-dimensional complex
that consists of only one hydrogen atom at the center surrounded by several silicon atoms. In
the figure, all large (green) spheres represent silicon and the small (yellow) sphere represents
hydrogen atom respectively. These observations are consistent with the infrared experimental
work by Ouwens et al [47] in which authors were reported that approximately 3 − 4 % hydrogen
atoms form isolated mono-hydrides (SiH) in the device quality sample. On the other hand,
95% of bonded hydrogen reside in a form of small or big clusters (4-7 hydrogen atoms).
Figure 3.2 is a representative complex of 6 Å radius in a three dimensional space at 7 at.%
hydrogen concentration. It should be noted that unless it is mentioned, the big (green) and the
small (yellow) spheres represent silicon and hydrogen atoms respectively throughout the work.
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Figure 3.1: An isolated mono-hydride at low concentration (7 at.% hydrogen) in a silicon
complex of radius 6.0 Å. Silicon and hydrogen atoms are shown in green (big) and yellow
(small) respectively.

Bonding configurations such as SiH and SiH2 are visible in the figure.
Figure 3.6 is a three-dimensional (3D) complex of 6 Å radius at 22 at.% hydrogen concentration. In this model also the hydrogen atoms form either mono-hydrides or dihydrides except
a few SiH4 bonding configurations as shown in Figure 3.6. Likewise in the lower concentration
model, the micro-structure is dominated by SiH bonds (approximately 73% hydrogen atoms) at
this concentration. The SiH, SiH2 and SiH4 configurations are visible in the figure. These results
are in very good agreement with infrared experiments by Lucovsky et al [37] and Manfredotti
et al [55]. However, no SiH3 bonds and H2 molecules are observed in both models. Our
studies further show that the bond lengths in the both models lie in a range of 2.0-2.8 Å in
Si-Si and 1.45-1.65 Å in Si-H configurations respectively. It is to be noted that these local Si-H
bonding configurations generate further structural inhomogeneities in the amorphous silicon.
This observation is consistent with Touir et al [114] in which the authors were studied how the
local Si-H bonding configurations create structural inhomogeneity in the amorphous silicon.
Scharff et al [90] also reported the similar results by observing the dynamics of Si-H bonds in
the hydrogenated amorphous silicon. Before addressing the distribution of hydrogen atoms,
we should mention an important aspect of the hydrogen micro-structure at high concentration
(22 at.% H). Some mono-hydrides can form an open chain-like structure, that consists of 4 to 6
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Figure 3.2: A sparse distribution of hydrogen atoms at low concentration (7 at.% hydrogen)
showing six H atoms in a complex of radius of 6.0 Å.

mono-hydrides (SiH) and a few dihydrides. Examples of such chain-like structures are shown
in Figures 3.8 and 3.9. Figure 3.8 consists of six SiH that are connected to each other via Si-Si
bonding, whereas the structure in Figure 3.9 has four mono-hydrides and a dihydride. Notably,
such chain configurations are not observed at low concentration (7 at.%) of hydrogen. Similar
results were reported experimentally by Lucovsky et al [37], Manfredotti et al [55], and Baum
et al [87]. Furthermore, a research by Tsu et al [102] shows an evidence of heterogeneity in
hydrogenated silicon by showing intermediately ordered chain like structures which are similar
to our results.
3.3.2

Distribution of hydrogen atoms

Several nuclear magnetic resonance (NMR) experiments [39, 38, 46, 88] have reported that
the distribution of hydrogen atoms in a-Si:H network is highly inhomogeneous [115], however,
each distribution has a different nature. In other words, hydrogen atoms locate in clusters of
different sizes as well as in a diluted phase. However, there are no sufficient statistics that can
provide what percentage of hydrogen atoms reside in the clustered or diluted phases as well
as what is the degree of inhomogeneity of the hydrogen distribution. Therefore, providing the
further details of these issues is one of the our goals.
At the low hydrogen content (7 at. %) model, a few clusters of 4-7 H atoms are observed and
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Figure 3.3: Overall hydrogen distribution in the network at 7 at.% hydrogen concentration is
shown in the figure. Only those silicon atoms which are bonded with hydrogen are presented
after leaving the silicon matrix in the background. Green (big) spheres represent silicon atoms
whereas yellow (small) spheres are hydrogen atoms. Two small clusters are encircled in the
figure.

one of the clusters is shown in Figure 3.5. It is a complex of 6 Å radius in a three dimensional
space. Approximately 40% of total hydrogen atoms are found in the cluster phase whereas
the remaining hydrogen are in the diluted phase. An example of the isolated mono-hydride is
shown in Figure 3.1. The nature of hydrogen distribution can be studied by plotting the overall
structure as shown in figure 3.3. Since we are focused in the distribution of hydrogen atoms, all
hydrogen atoms and only those silicon atoms which are connected to hydrogen are shown in the
figure. Two clusters of size 3 and 4 hydrogen atoms are encircled in the figure. It is very clear
that the hydrogen distribution is highly inhomogeneous at this concentration.
Now we want to discuss the hydrogen distribution at the high concentration( 22 at.%
hydrogen). The model consists of some small clusters of 4 − 7 H atoms likewise at low
concentration, and a few large cluster up to 20 H atoms. An example of a big cluster is shown
in Figure 3.6. The complex consist of total 16 H atoms in which 12 H atoms made a dense
cluster. The distances among them lie in a range of 1.6 − 2.3 Å. On the other hand, the model
does not consist of isolated mono-hydrides as in the low concentration model, however, it has a
pair of lone mono-hydrides as shown in Figure 3.5. It is obvious that at higher concentration
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Figure 3.4: Overall hydrogen distribution in the network at 22 at.% hydrogen concentration is
shown in the figure. Only those silicon atoms which are bonded with hydrogen are presented
after leaving the silicon matrix at the background. Green (big) spheres represent silicon atoms
whereas yellow (small) spheres are hydrogen atoms. Two clusters of hydrogen atoms (6−8 H)
are encircled in the figure.

the probability of having hydrogen in a cluster phase is very high as compared to the lower
concentration. The overall distribution of hydrogen atoms is shown in Figure 3.4 without
showing the silicon atoms which are not connected to the hydrogen atoms. Two clusters of
6 and 7 hydrogen atoms are encircled in the figure. Various types of clusters are observed at
this concentration and the hydrogen distribution is found highly inhomogeneous. Furthermore,
the nature of clusters can be observed via H-H distance distribution as shown in Figure 3.7.
It is a local hydrogen distribution up to 3.5 Å distance from each hydrogen atoms. The first
peaks at 1.8 Å is the H-H distance among Si-H H-Si configurations. The maximum peak at
approximately 2.1 Å is the distance between H atoms in SiH2 and SiH4 bonds. Furthermore,
the peaks in a range of 1.8 − 2.35 Å provide the evidence of big clusters in the model. All these
observations show that the hydrogen distribution is highly inhomogeneous which is consistent
not only with NMR experiments [46, 88] but also with the small-angle neutron scattering
experiment by Williamson et al [115].
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Figure 3.5: A pair of lone mono-hydrides realized in a dilute environment at high hydrogen
concentration (22 at.% H). The complex has a radius of 6.0 Å. The large (green) and the small
(yellow) spheres represents silicon and hydrogen atoms respectively.

3.3.3

NMR line widths calculation

A theoretical NMR line width calculation can provide quantitative information about the
distribution of hydrogen atoms in the amorphous silicon network. From the position of hydrogen
atoms in the network, one can calculate the first few moments such as the zeroth, second and
the fourth moments. However, odd moments cancels out because of symmetry. Once these
NMR moments are available, an approximate shape and the width of the resonance curve can
be estimated [77] and compared to experimental NMR data [39, 76]. It is to be noted that
one-dimensional NMR spectrum cannot fully represent every aspect of the three-dimensional
hydrogen distribution or the hydrogen micro-structure of the network. Nonetheless, the moments
of an NMR spectrum provide valuable information such as the presence of hydrogen in isolated,
sparse and in the clustered environment [77, 85]. In the lowest order approximation, a typical
NMR line spectrum can be expressed as a combination of a Gaussian and a truncated Lorentzian
distributions [38] in which the contribution of the higher moments generally comes from the
wings of the distribution that is rarely observed in experiments. Therefore, the first two or three
non-zero moments should suffice to capture the characteristic features such as the shape and the
width of the resonance curve [77, 84].
A schematic diagram, shown in Figure 3.10, illustrates how the hydrogen distribution is
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Figure 3.6: A silicon complex of 19 H atoms in a radius of 6.0 Å at high hydrogen concentration
(22 at.% H). A dense cluster of 12 H atoms is visible at the center of the complex. Silicon
and hydrogen atoms are indicated in green (big) and yellow (small) respectively. The bonding
configuration (SiH4 ) is also shown in the figure.

correlated to the corresponding NMR line spectra. If the hydrogen atoms form clusters then
according to the Central Limit theorem, the hydrogen distribution can be approximated as a
Gaussian distribution. On the other hand, the diluted distribution of hydrogen atoms follows the
Cauchy’s distribution and it can be approximated by a truncated Lorentzian distribution. In the
schematic diagram, the black circles represent hydrogen atoms and their distributions determine
the shape of the line spectra.
Table 3.1: Van Fleck moments and the overall line widths for the models from the Gaussian
approximation
Conc (at.% H) Directions
µ2 (γ 4 h̄2 )
µ4 (γ 8 h̄4 )
Γ
σg (kHz)
−3
−5
7
100
3.95 ×10
6.71 ×10
4.30
17.8
−3
−5
110
3.15 ×10
5.30 ×10
5.34
15.9
111
4.15 ×10−3 9.68 ×10−5 5.64
18.2
22
100
3.12 ×10−2 2.98 ×10−3 3.07
49.9
−2
−3
110
3.19 ×10
3.04 ×10
2.99
50.5
111
3.26 ×10−2 3.18 ×10−3 2.99
51.1
In this section, we calculate NMR moments and line widths of the models. The details of
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Figure 3.7: The distribution of H-H distances in a model of a-Si:H with 22 at.% H atoms. A
cut-off of 3.5 Å is used to obtain the distribution. The peak at 1.8 Å is found to originate from
the small clustered environment, whereas the peaks at 2.1 Å and 2.35 Å are from geometrical
consideration of SiH2 and SiH4 configurations.

Table 3.2: Deconvoluted line widths for the model with 7 at.% H for the diluted and clustered
regions
Conc (at.% H) Directions σu (kHz)
σg (kHz)
Cluster
100
25.1
26.4
110
22.6
25.4
111
19.2
21.8
σL (kHz) σnarrow (kHz)
Dilute
100
5.3
2.8
110
4.9
2.8
111
4.9
2.8
NMR moments, line widths and line spectra has been discussed in Chapter 5. However, we
would like to describe the important equations which are used in the calculations. The second
and the fourth moments of the spectrum is calculated using Equations 5.1 and 5.2 respectively.
The full width at half maxima (FWHM) is then calculated from Equation 5.4 using the Gaussian
approximation. In Table 3.1, we have listed the values of the Van Vleck moments and the
overall line widths of the models in the Gaussian approximation. The values of Γ (i.e. µ4 /µ22 )
for the model with high concentration (22 at.%) suggest that the NMR spectrum can be well
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Figure 3.8: An open chain-like structure via Si-Si bonding at high concentration (22 at.% H).
The structure is comprised of six mono-hydrides connected via silicon atoms to form an open
chain. Silicon and hydrogen atoms are represented by green (big) and yellow (small) spheres
respectively.

Table 3.3: Deconvoluted line widths for the model with 22 at.% H for the diluted and clustered
regions
Conc (at.% H) Directions σu (kHz)
σg (kHz)
Cluster
100
33.8
40.6
110
47.3
46.8
111
44.3
46.4
σL (kHz) σnarrow (kHz)
Dilute
100
5.9
6.4
110
6.9
6.4
111
5.9
6.4
approximated by a Gaussian line shape. In addition, the higher values of the broad line widths
(σg ) show that the hydrogen atoms are densely distributed in clusters with small proton-proton
separation. The H-H distances lie within the range of 1.6 − 2.4 Å in the dense clusters. This
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Figure 3.9: A chain-like structure at high concentration (22 at.% H). The structure shows four
mono-hydrides and a dihydrides. The big (green) and small (yellow) spheres represent silicon
and hydrogen atoms.

Figure 3.10: A schematic diagram of hydrogen distribution and the corresponding nuclear
magnetic resonance line spectra. The black circles in the figures are hydrogen atoms.

produces a broad resonance via dipolar interaction that can be approximated by a Gaussian
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Table 3.4: Summary of the theoretical and experimental line widths
Theory
(at.% H)
σu (kHz)
σg (kHz)
540-atom model
7
19.0 − 25.0
2.8 − 5.3
611-atom model
22
33.8 − 47.3
5.9 − 6.4
Experiments
(at.% H) σbroad (kHz) σnarrow (kHz)
Reimer et al[38] 8.0 − 32.0 22.0 − 27.0
3.0 − 5.0
Gleason et al[46] 8.0 − 15.0 25.0 − 30.0
...
Wu et al[88]
8.0 − 10.0 34.0 − 39.0
4.0 − 6.0
Wu et al[88]
2.0 − 3.0 47.0 − 53.0
3.0 − 6.0
line shape. For the model with low concentration of hydrogen, the ratio Γ is somewhat larger
than the ideal Gaussian value (Γ = 3), which is a very good evidence of a narrower spectrum
than a Gaussian. The contribution from the wings of the spectrum to the higher moments is not
negligible in this case, and a direct application of the Gaussian approximation may not provide
a correct estimate of the width.
Further difficulties can arise in characterizing the micro-structure of model networks via the
NMR width in the presence of strong inhomogeneity. The calculation of the narrow width of
the resonance curve at high concentration via Equation 5.5 can be misleading in the presence of
a large hydrogen clusters. If the contribution from the few large clusters dominates the moment
summations, the effect of the dilute environment on the width can be missed out. Similarly, the
presence of a large cluster in a diluted environment (at low concentration) may not be reflected
in the calculated value of the narrow line width from model networks. It is, therefore, more
appropriate to partition the overall micro-structure into regions of clustered and diluted phases
and to use the corresponding moments in Equations 5.4 and 5.5 for the calculation of width
from the broad and the narrow part of the spectrum. This partition of the spins into clustered
and diluted regions can be viewed as analogous to the deconvolution of one dimensional NMR
spectrum into a broad and narrow spectrum. In the following, we discuss our results for two
different concentrations by partitioning the micro-structure into three-dimensional regions of
diluted and clustered environments. As mentioned earlier, we can expect to see that the broad
line width mainly originates from the clustered environment, where as the diluted environment
accounts for the narrow part of the spectrum.
The results for the broad and narrow line widths from the clustered and dilute environment
for each of the model configurations are listed in Tables 3.2 and 3.3. In addition to the Gaussian
line width (σg ) for the broad spectrum, we have also included the universal line width (σu )
obtained from Equation 5.7 via the Gaussian memory function approximation [77]. The narrow
line width of the spectrum is calculated assuming a truncated Lorentzian shape, and it is
indicated in the tables as σL . We have also included the value of the narrow line width estimated
from the density of hydrogen atoms (n) in the diluted region [77] using Equation 5.6. Since
the equation is often used by experimentalists to get an approximated value of the narrow line
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widthσnarrow , this provides a simple way to compare our results to the experimental data.
In Table 3.4, we have summarized the experimental values of the line widths obtained by
different authors with the theoretical results from the models. The experiments of Riemer et al
[38] and Gleason et al [46] have indicated that the broad line width typically ranges from 22 to
30 kHz for samples with 8 to 15% hydrogen atoms. This is comparable to the values of 19.0 to
25.0 kHz obtained from the models with 7 at. % hydrogen. The calculated value of the broad
line width from the model with 22 at.% hydrogen is somewhat larger than the experimental
value. However, this can be understood by taking into account the presence of a large cluster
(see Figure 3.6) in the model. The presence of such large clusters is not surprising and have
been reported by Wu et al [88], who have observed a broad line width of approximately 50 kHz
in hot-filament-assisted CVD deposited films.
3.4

Conclusion

The micro-structure is studied at low and high concentration (of hydrogen) starting from two
realistic models of the hydrogenated amorphous silicon. The hydrogen atoms are found to be
distributed in a dilute or sparse and a dense or clustered environment in the silicon matrix. At low
concentration, the micro-structure is characterized by the presence of a few small clusters (4 − 7
H atoms) in the background of a sparse distribution of hydrogen. 0n the other hand, several
small clusters and a few large clusters up to 20 H atoms are observed in the high concentration
model. In the dense clusters, the hydrogen atoms reside in a range of 1.6 − 2.4 Å. These
observations show that the hydrogen distributions in both models are highly inhomogeneous.
Another important aspects of the hydrogen micro-structure is the bonding schemes. The low
concentration model consists of SiH and SiH2 whereas a few SiH4 configurations are also
observed in the high concentration model. The SiH configurations dominate both the models,
however, SiH3 bonds and H2 molecules are not observed. In addition, the micro-structure
consists of some open-like and closed-like chain structures at the high concentration model.
The widths of the NMR spectra of the model networks are calculated from a knowledge
of the distribution of hydrogen in the network using the Van Vleck moments. The narrow
and the broad line widths of the spectra for the low concentration model are found to be
in the range of 3 − 6 kHz and 19 − 25 kHz, whereas the corresponding values for the high
concentration model lie between 5.9 − 6.4 kHz and 34.0 − 48.0 kHz, respectively. From this
work, we strongly recommend that the broad and narrow line widths calculations should be
done only by partitioning clustered and diluted hydrogen atoms if the hydrogen distribution is
highly inhomogeneous. Otherwise, neither a Gaussian nor a truncated Lorentzian functions can
provide the correct line widths of the overall hydrogen distribution. Our results are in excellent
agreement with experimental data obtained from the NMR and the multiple- quantum NMR
studies.
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Chapter 4
STRUCTURE OF VACANCIES

4.1

Introduction

It is difficult to define or identify vacancies in the amorphous materials because of their structural
disorder [6, 9] as compared to the crystalline materials. However, depending on a number of
missing atoms in the amorphous network, one can define a vacancy. For example, if a structure
shows missing of one or two atoms then it is considered as a mono-vacancy or a divacancy [97]
respectively. If the structure show missing of several atoms then it is considered as a void or a
micro-void [53] depending on how many atoms are missing in the structure. It can be further
clarified by visualizing the structures. A schematic diagram of the mono-vacancy that consists
of four mono-hydrides (SiH) is shown in Figure 4.1. If an a-Si:H model consists of a region of
four such mono-hydrides and that can accommodate a silicon atom in the absence of those four
hydrogen atoms then the structure is known as a mono-vacancy. Similarly, if the model consists
of six mono-hydrides as shown in Figure 4.2 and two silicon atoms can be accommodated after
removing the hydrogen atoms then the region is considered as a divacancy. Those two silicon
atoms are called missing silicon atoms. Based on the distances between those two missing
atoms, a divacancy can be a split or a stable divacancy. If the distance lies within the range of
Si-Si bond length (≤ 2.8 Å or so) then the divacancy is stable. Similarly, If it is greater than the
maximum bond length (<2.8 Å up to the second nearest neighbors or so) then it is considered
as a split divacancy. It is to be noted that such spit divancancies have always a tendency to
split into monovacanies or converted to stable divacancies [100]. In this section, we study their
existence and the stability of such types of vacancies in our a-Si:H models.
Infrared (IR) [56, 57, 58] or Raman [10, 83] spectroscopy, x-ray diffraction [70], calorimetry
[116] etc., are being used to study the physical properties of the pure amorphous silicon.
However, an experiment using Mössbauer spectroscopy by Hoven et al [79] provided the
evidence of vacancies in the amorphous silicon for the first time. Later on, Smets et al [97]
provided much more details about the vacancies and voids from the samples prepared by
expanding thermal plasma technique and infrared spectroscopy. They reported that the microstructure in hydrogenated amorphous silicon samples can be characterized by the presence of
vacancies and voids that largely depends on the amount of hydrogen present in the samples. The
key result of their research [97] can be written as the micro-structure is dominated by mono-and
divacancy at low concentration up to 14 at.%, whereas micro-voids or voids appear at high
concentration (above 16 at.% or so).
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There are some theoretical studies regarding the vacancies in the past few years [100, 92, 82].
For example, a study by Zhang et al [100] shows the presence of mono- and divacancy on
prolonged relaxation of the network. It is to be noted that in these theoretical studies [82,
92, 100], the vacancies were explicitly introduced by hand, and the stability of the (vacancy)
configurations were studied by relaxing the network using an appropriate ab initio [106] or
tight-binding energy functional [104].

Figure 4.1: A schematic diagram of a mono-vacancy. The big and the small spheres represent
silicon and hydrogen atoms respectively. A dashed circle in the figure shows that a silicon atom
can adjust itself in the structure after removing the four hydrogen atoms.

Figure 4.2: A schematic diagram of a divacancy is shown in the figure. The big and the small
spheres represent silicon and hydrogen atoms respectively. Two dashed circles in the figure
show that two silicon atoms can adjust themselves within the structure after removing those six
hydrogen atoms.

Motivated by the results of Smets et al [97], we decided to study whether the micro-structure
of our models consist of mono and divacancies or not. Interestingly, our real-space analysis of
the ECMR networks indeed confirms that both mono- and divacancies exist in the models. This
observation is remarkable because both the mono and divacancies were evolved while generating
and relaxing the model networks. In other words, those vacancies are inherent features of the
micro-structure which are completely different than those earlier studies as mentioned above.
We present various structure of the vacancies in detail in the following section.
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4.2

Results and Discussion

We have taken the same two a-Si:H models of 7 at. % and 22 at. % hydrogen concentrations as
discussed in the previous chapter. Mono-vacancies, split and stable divacancies of the models
are presented in this section.
4.2.1

Mono-vacancies in a-Si:H

Figure 4.3 shows a structure of a mono-vacancy at 7 at.% hydrogen concentration. As mentioned
earlier, at least four SiH configurations are required to form a mono-vacancy. The big (green)
and the small (yellow) spheres represent silicon and hydrogen atoms respectively in the figure.
The structure of mono-vacancy can be further clarified by introducing a silicon atom in the
network as shown in Figure 4.4, which we called a missing silicon atom (cyan). We removed
those four hydrogen atoms that were contributed to form a mono-vacancy and introduced one
silicon atom in the figure. The purpose of doing this is very clear because if a silicon atom can
adjust itself within the region then only it is considered as a monvacancy otherwise not. Another
important thing to be noted is the missing silicon atom should adjust itself not only physically
but also it should have minimum energy for its stability. Therefore, we relax the network even
after introducing the missing silicon atom in absence of those four hydrogen atoms. Finally,
the first-principles relaxation using SIESTA [101] shows that the missing silicon atom which is
bonded with other four neighboring silicon atoms in the network, and it has the minimum strain
as well. Similar process is applied to the model with 22 at.% hydrogen content. Figure 4.5 is a
region of mono-vacancy at 22 at.% model including four hydrogen atoms (contributed to form a
mono-vacancy) and Figure 4.6 is the relaxed structure with minimum strain after introducing a
missing silicon atom (cyan) and removing those four hydrogen atoms. These plots clearly show
that the micro-structures consist of mono vacancies in both the models.
4.2.2

Divacancies in a-Si:H

Having discussed of mono-vacancies we would like to study whether the models have divacancies or not. Our studies show that there are two types of divacancies, one is stable and
the other is split. The stable divacancy is found in the high concentration model (22 at.% H)
whereas the split divacancy has realized at the low concentration (7 at.% H) model. Notably, the
two missing silicon atoms in the split divacancy are not nearest neighbor but they are in close
proximity of each other typically within a distance of next nearest neighbor or so. Such split
divacancies were observed by Zhang et al [100], and they have reported that the split divacancy
has a tendency to break into a stable divacancy or two mono-vacancies. Figure 4.7 shows the
region that consists of a cluster of mono-hydrides at low concentration (7 at.%). Likewise
described in the mono-vacancy earlier, the position of the two missing silicon atoms (cyan)
are shown in Figure 4.8. The exact location is obtained by removing six hydrogen atoms and
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Figure 4.3: The region of mono-vacancy at low hydrogen concentration (7 at.%) with at least
four mono-hydrides (SiH). Silicon and hydrogen atoms are shown in green (big) and yellow
(small) spheres respectively.

introducing two silicon atoms, and relaxing the resulting network via SIESTA as before. The
missing silicon atoms are separated by a distance approximately 6.1 Å, and it is an evidence of
a split divacancy (see Figure 4.8) at low hydrogen concentration. Furthermore, the origin of the
split divacancy can be understood in view of the low concentration of hydrogen in the network,
where the micro-structure is dominated by a sparse distribution of hydrogen atoms.
At the high hydrogen concentration model, we found stable divacancies rather than the
split divacancies. The reason behind it is simple because the presence of more hydrogen atoms
at high concentration reduces the average (hydrogen) cluster-cluster separation, and thereby
it facilitates the formation of a stable divacancy. One such stable divacancies is presented in
Figure 4.9. We have also shown two missing silicon atoms (cyan) in Figure 4.10. Those two
missing atoms are separated by 2.6 Å, which is very less as compared to that of split divacancies
, and they are nearest neighbor to each other.
4.3

Conclusion

We studied two realistic models of hydrogenated amorphous silicon at 7 at.and 22 at.consist of
mono and divacancies. We introduced missing silicon atoms in the corresponding vacancies
and relax the network. While doing so the missing atoms not only accommodate themselves
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Figure 4.4: The reconstructed network showing the hypothetical missing silicon atom (in cyan),
and its bonding to the neighboring Si atoms. Silicon and hydrogen atoms are shown in green
(big) and yellow (small) spheres respectively.

within the structure but also they have the minimum strain (for equilibrium). In addition, the
micro-structure consists of split divacancies in the lower concentration (7 at.divacancies at the
higher concentration (22 at.two missing silicon atoms at 7 at.to twice of the Si-Si bond length.
However, it is 2.6 Å at the higher concentration model because of having the stable divacancies.
Notably, these structures of the vacancies were evolved themselves while relaxing the networks
via the first-principles method density functional method. These remarkable observations are
also consistent with the experiments by Smets et al [97] and Hoven et al [79].
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Figure 4.5: A mono-vacancy at high concentration (22 at.% H) in a region of several monohydrides (SiH). The large (green) and the small (yellow) spheres represent silicon and hydrogen
atoms respectively.
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Figure 4.6: The reconstructed network shows the missing silicon atom (in cyan) at 22 at.%
hydrogen concentration. The large (green) and the small (yellow) spheres represent silicon and
hydrogen atoms respectively.
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Figure 4.7: A split divacancy with six mono-hydrides (SiH) at low hydrogen concentration (7
at.%).The large (green) and the small (yellow) spheres represent silicon and hydrogen atoms
respectively.
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Figure 4.8: The origin of the divacancy is illustrated by showing the hypothetically missing
two silicon atoms (in cyan) in the network at 7 at.% hydrogen concentration.The large (green)
and the small (yellow) spheres represent silicon and hydrogen atoms respectively. The distance
between two missing silicon atoms is 6.1 Å.
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Figure 4.9: A stable divacancy at high concentration (22 at.%) is shown in the figure. The large
(green) and the small (yellow) spheres represent silicon and hydrogen atoms respectively.
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Figure 4.10: The reconstruction of two missing silicon atoms (cyan) in the region of divacancy
at 22 at.% hydrogen concentration.The large (green) and the small (yellow) spheres represent
silicon and hydrogen atoms respectively. The distance between two missing silicon atoms is 2.6
Å.
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Chapter 5
NUCLEAR MAGNETIC RESONANCE LINE SPECTRA

5.1

Introduction

The first-principles methods are very successful in designing complex materials and predicting
their properties at a quantitative level [40, 41, 44, 45, 65, 67, 103, 104]. However, the direct
force field based approaches have limitations while determining structure and properties of
bulk non-crystalline materials. One of the distinct routes for structure determination of noncrystalline materials is considered as an inverse problem. The inverse approach uses all available
information of about a material, for example, experimental, topological and geometric, etc.,
while designing a realistic model [61]. In addition, the approach critically depends on availability
of sufficient experimental data as well as feasibility of the data sets. One of our goals in this
chapter, is to demonstrate the efficacy of an information-based inverse approach to understand
the hydrogen micro-structure from the knowledge of nuclear magnetic resonance data.
Before describing the details of the inverse approach, we would like to address the significance of the approach. As we described in the earlier sections, our models at 7 at. % and 22
at. % concentrations do not show the bonding configurations such as SiH3 and H2 molecules.
In addition, even at the higher concentration model, a clear picture of voids does not appear.
These observation motivated us to develop a new method from which we can generate a model
of a-Si:H that can incorporate all possible silicon hydrogen bonding configurations, vacancies
and voids with molecular hydrogen.
In order to develop the inverse approach, we briefly recall the key experimental facts of microstructure in a-Si:H, from NMR [39, 38], neutron diffraction [36], and infrared spectroscopy [37,
55]. These experiments suggest that the hydrogen distribution in a-Si:H is highly inhomogeneous
because the material consists of clustered as well as diluted hydrogen atoms. However, the
number of clustered hydrogen atoms lies in a range of 4 − 7 in the device quality (8-14% H)
samples [39, 46, 87]. Their results also suggest that the hydrogen prefers to be distributed
sparsely with occasional clustering at low concentration. However, depending on the preparation
conditions, hydrogen concentration, history of sample treatment, etc., the micro-structure can
be highly inhomogeneous and it may consists of several large clusters [88], vacancies [79],
void [91, 97] and molecular hydrogen [39, 76, 80] at high concentration. Our theoretical studies
mentioned in the earlier sections [48, 49] also confirm these observations. Furthermore, the
NMR experiments [39, 46] also provide the nature of hydrogen distribution by calculating NMR
line spectra, which is a combination of a Gaussian and a truncated Lorentzian functions. The
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line spectra can be approximated by considering the dipolar interaction between the hydrogen
atoms [77, 85] in which the broad line width is attributed to a dense or clustered environment of
hydrogen whereas isolated and sparsely-distributed hydrogen are most likely to cause a narrow
Lorentzian-like line shape.
From the knowledge of these earlier works [39, 37, 41, 87, 97], we want to use their results
in our model generating approach as an input information. The input information is divided into
two parts. The first part is a cluster information that provides a number and size of hydrogen
clusters based on the hydrogen concentration. The second provides moment information in
which experimental moments are extracted from the nuclear magnetic resonance line spectra
[39]. A detail of the method is presented in the following section.
5.2

Model generation

Figure 5.1: A flow diagram of the inverse approach implemented in this work.

The starting point of our approach is to generate a set of trial hydrogen distributions using
experimental NMR data for a given concentration. Hydrogen atoms are chosen randomly in a
cubic box of length 26.75 Å that corresponds to the experimental density of a-Si:H for a model
of 1000 Si atoms. The initial positions of the hydrogen atoms are generated in such a way
that the resulting H distribution has several small clusters (4-7 atoms), and a few large clusters
(10-16 atoms at high concentration) in the background of a sparsely-distributed H atoms. Since
a unique hydrogen distribution cannot be determined from these limited data, we construct
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several such hydrogen distributions each of which is different from the other but is characterized
by the presence of clusters.
Once the trial hydrogen distributions are available, a three-step procedure is followed:
1. The NMR moments of a trial hydrogen distribution is matched to that of the experimental
line spectrum by optimizing a penalty function via simulated annealing,
2. The optimized hydrogen distribution is then embedded in a previously-built 1000-atom
silicon network, and the superfluous silicon atoms within a distance closer than the
silicon-hydrogen bond length are purged.
3. Finally, the resulting network is relaxed using a first-principles energy functional to
obtain a stable, low energy conformation within the Harris functional approximation
[45, 105, 106].
The method can be further described as below. In the first step, we take an experimental NMR
line spectrum of a particular hydrogen content. Then, we calculate the first few order moments
(i.e. zeroth, second, fourth etc.) from the line spectrum. The moments are denoted by µexp .
Once we have the experimental NMR moments, we generate a trial hydrogen distribution within
a cubical box having the same dimensions of a previously-built amorphous silicon model. We
calculate the Van Vleck’s moments of the trail distribution and they are denoted by µth . Then,
by moving the position of hydrogen atoms randomly we optimize the moments µth .
In the second step, the trial configuration whose moments are optimized, are merged into
the previously-made amorphous silicon configuration. While doing so, some hydrogen atoms
may overlap with the silicon atoms or they may be very close to some of the silicon atoms. In
that case, we set a rule in which if a silicon atom is overlapped or it lies within a distance of
the minimum Si-H bond length (1.4 Å) then the silicon atom should be removed so that the
optimized hydrogen distribution will not be affected. The merged final network becomes a
starting configuration of hydrogenated amorphous silicon and it must be relaxed using a proper
method.
In the third step, one can use any ab initio or semi-empirical potential methods to relax the
model networks, however, we use the density functional code (SIESTA) [101]. The hydrogen
atoms are found to be minimally disturbed during the relaxation, which maintains the moment
information intact via a self-consistent loop between the relaxation and the optimization. Once
the self-consistency is achieved, the final conformation is accepted. Otherwise, the procedure is
repeated with a new hydrogen distribution going back to step 1. The various intermediate steps
are depicted in the flow diagram in fig.5.1.
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5.3

Nuclear magnetic resonance line widths and line spectra

To approximate nuclear magnetic resonance line widths and line spectra, one should calculate
the first few NMR moments of hydrogen distribution. As we mentioned earlier, the dipolar
interaction between hydrogen atoms provides a route of moment calculations. According to
Van Vleck research [84], the second and fourth moments of a system of N particles (of spin 1/2)
can be written as:
µ2
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(5.2)

(5.3)

and the symbol <jkl> stands for no two indices being equal in the triple summation. It should
be noted that Equations 5.1 and 5.2 above are independent of the symmetry of the system,
and can be applied to both crystalline lattices and amorphous networks [49]. The shape of
the resonance curve can be interpreted in terms of the second and the fourth moments. For an
identical Gaussian, Γ = µ4 /µ22 =3, and a low value of Γ indicates a bi-modal behavior or two
separated peaks in the spectrum. For a Gaussian Line shape, the full width at half maximum
(FWHM) is given by [77],
σg =

p
8 µ2 ln 2

(5.4)

It is to be noted that at low hydrogen content with diluted hydrogen distribution the ratio
(µ4 /µ22 ) can be large (>> 3) and the Gaussian broad line width calculation does not represent
the distribution correctly. Therefore, one should use the following expression that provides the
correct narrow line width of the distribution.
r
π 2 µ2
σL =
(5.5)
3 Γ
However, most of the experimentalist use the following equation [39, 77] for calculating the
narrow line width which is based on the density of sparse or distributed hydrogen atoms.
4π
σnarrow = √ γ 2 n h
3 3

(5.6)

The experimental NMR spectra deviate significantly from an ideal Gaussian or a truncated
Lorentzian behavior depending on hydrogen concentration, preparation conditions, and the
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degree of inhomogeneity present in the micro-structure. Therefore, Equations 5.4 and 5.5,
provide only approximate values of this widths originating from the clustered and the diluted
environments. For a small deviation from the ideal Gaussian distribution, one often uses the
Gaussian memory function approximation and that express the universal line width as: [85]
r
2π µ2
f or
Γ>3
(5.7)
σu =
Γ−2
If we separate the hydrogen distribution as clustered and diluted phases then Equations 5.4
and 5.7 provide similar results. Once the second and the fourth moments are available we can
calculate the NMR line spectrum by taking a penalty function which is a combination of a
Gaussian and a truncated Lorentzian function. The penalty function is defined as below:
f = A f (G) + B f (L)

(5.8)

where A and B are the weight factors associated with the distributions. They are calculated
based on percentage of hydrogen atoms in clustered and diluted phases respectively. Similarly,
f(G) and f(L) are Gaussian and truncated Lorentzian functions. It is to be noted that the penalty
function (from Equation 5.8), can be optimized with respect to an experimental line spectrum
of the material by choosing any optimization technique.
5.4

Results and Discussion

In this section, we first analyze the structural and electronic aspects of the models for the
purpose of validation. Then, we discuss about the hydrogen micro-structure, distribution of
hydrogen atoms, structure of vacancies and voids, and nuclear magnetic resonance line widths
and line spectra of the representative models.
5.4.1

Hydrogen micro-structure

In order to demonstrate the efficacy of our approach, we generate a number of a-Si:H conformations with a concentration between 10 at.% to 23 at.% hydrogen. We choose three model
conformations at 10 at.% H, 14 at.% H and 23 at.% H, and study their structural and electronic
properties, and the micro-structure via experimental NMR and IR data. It should be noted
that while the hydrogen distribution in all these conformations is consistent with experimental
NMR results, this does not necessarily imply that the structural and other properties would
be reproduced correctly. An independent check, therefore, is needed for verification of the
structure of these models.
We begin with the Si-H and H-H pair correlation functions (PCF) followed by the bond-angle
distribution in the networks. Since a previously-built amorphous (silicon) matrix is employed in
this work, we refrain ourselves from addressing the Si-Si pair correlation. In Figure 5.2, we
have presented the results for the pair correlation function of Si-H pair at 10 at.% hydrogen
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Figure 5.2: A pair correlation plot of Si-H configurations as a function of radial distance (in Å)
at 10 at.% hydrogen concentration. The first peak lies in a range of 1.54−1.68 Å whereas the
second peak locates in the order of 2.9−3.5 Å.

Figure 5.3: A pair correlation plot of Si-H configurations as a function of radial distance (in Å)
at 14 at.% hydrogen concentration. The first peak lies in a range of 1.54−1.68 Å whereas the
second peak locates in the order of 2.9−3.5 Å.
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Figure 5.4: A pair correlation plot of Si-H configurations as a function of radial distance (in Å)
at 23 at.% hydrogen concentration. The first peak lies in a range of 1.54−1.68 Å whereas the
second peak locates in the order of 3−3.6 Å.

Figure 5.5: Bond angle distribution for 10 at.% hydrogen concentration. The distribution has an
average bond angle of 108.7◦ with 13.5◦ root mean square deviation.

concentration. Similarly, Figures 5.3 and 5.4 are the pair correlation functions at 14 at.% and
23 at.% hydrogen contents respectively. The positions of the first and the second peaks lie
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Figure 5.6: Bond angle distribution for 14 at.% hydrogen concentration. The distribution has an
average bond angle of 108.8◦ with 13.7◦ root mean square deviation.

Figure 5.7: Bond angle distribution at for at.% hydrogen concentration. The distribution has an
average bond angle of 108.8◦ with 13.9◦ root mean square deviation.

in a range of 1.54 − 1.68 Å and 2.9 − 3.6 Å, respectively in the all three figures. The first
peaks which correspond to the first neighbors are sharp in the all figures. However, the second
and third peaks corresponding to the second and third nearest neighbors are broader. These
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Figure 5.8: Hydrogen-hydrogen distribution for 10 at.% hydrogen concentration. The maximum
peak lies at approximately 2.1 Å whereas most of the H-H pairs lie in a range of 1.6−2.5 Å.

Figure 5.9: Hydrogen-hydrogen distribution for 14 at.% hydrogen concentration. The maximum
peak lies at approximately 2.1 Å whereas most of the H-H pairs lie in a range of 1.6−2.5 Å.

observations are in agreement with the ab initio results [41] as well as the experimental data
[36].
Another important aspect of the model validation is PCF of H-H distribution or local
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Figure 5.10: Hydrogen-hydrogen distribution for 23 at.% hydrogen concentration. The maximum peak lies at approximately 2.1 Å whereas most of the H-H pairs lie in a range of 1.6−2.5
Å.

Figure 5.11: Density of electronic states/eV for the model with 10 at.% H is shown in the figure.
The Fermi level is at 0.0 eV.

distributions of hydrogen atoms. The distributions at 10 at.%, 14 at.% and 23 at.% hydrogen
concentrations are shown in Figures 5.8, 5.9 and 5.10 respectively. The maximum peaks in
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Figure 5.12: Density of electronic states/eV for the model with 14 at.% H is shown in the figure.
The Fermi level is at 0.0 eV.

Figure 5.13: Density of electronic states/eV for the model with 23 at.% H is shown in the figure.
The Fermi level is at 0.0 eV.

the all three plots lie in a range of 1.6 − 3.0 Å which are broader enough as compared to the
first peaks of Si-H PCFs. The first peaks in the range of 1.6 − 3.0 Å provide an evidence of the
nonexistence of molecular hydrogen (bond length ≈ 1.0 Å) in all the models. The H-H distances
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in the range of 1.8 − 2.3 Å belong to the SiH2 , SiH3 and SiH4 (if available) configurations
respectively whereas the distances ≤ 1.8 Å and ≥ 2.3 Å belongs to those hydrogen atoms which
are connected to the different silicon atoms but close to each other. Furthermore, the first clear
peaks in the local hydrogen distributions ensure the existence of clustered hydrogen atoms in
the all three models. These results are consistent with the neutron diffraction data reported by
Bellisent [36]. It indeed suggests that as far as two-body correlation functions are concerned,
the inverse method produces the correct structure of a-Si:H.
A further characterization of the structure can be obtained from the bond-angle distribution
that provides information about the three-body correlation. The results for the bond-angle
distributions for all three concentrations are presented in Figures 5.5, 5.6 and 5.7. A pure
amorphous silicon model having no coordination defect at all (i.e. known as the WWW
model) has an average bond angle (Si-Si-Si) of 108.57◦ with RMS deviation of 11.19◦ [42]. In
hydrogenated amorphous silicon, the introduced hydrogen atoms to pacify the dangling bonds
create vacancies and voids because of the nature of hydrogen clusters. That does eventually
affect on the bond angle distribution. However, the average bond angle and the RMS deviations
should not be much deviated from the pure amorphous silicon model. In our all three models,
the average bond angle is found to be around 108.8◦ , with a root mean square (RMS) deviation
between 13.5◦ to 13.9◦ . These observations are very clear from Figures 5.4, 5.5 and 5.6 as well
as they are in excellent agreement with the WWW model [42].
Having discussed of the pair correlations and the bond angle distribution, we would like to address an important aspect of hydrogen micro-structure that describes various hydrogen-bonding
configurations. Such configurations can be studied via infrared experiments by measuring
the vibrational frequencies of variously bonded hydrogen atoms. We present such bonding
configurations of hydrogen in Table 5.2 . There are only SiH (86% of total hydrogen) and
SiH2 (14% of total hydrogen) configurations at 10 at.% hydrogen content. Similarly, at 14
at.% hydrogen concentration, 81% of the total hydrogen atoms are found as SiH, 14% as SiH2
and only 2% as SiH3 configurations. At 23 at.% hydrogen concentration model, there are
75% SiH, 24% SiH2 and 1% SiH3 configurations. These results show that the SiH bonds are
dominant bonding configurations in the hydrogenated amorphous silicon network. Furthermore,
14 − 24 % dihydrides (SiH2 ) configurations are observed which are visible in the table. Notably,
with increasing hydrogen concentrations the dihydrige configurations are also increased. In
contrast, the mono-hydrides (SiH) configurations decrease with increasing hydrogen contents.
Interestingly, the trihydrides (SiH3 ) are not observed at 10 at.% likewise in our ECMR models.
However, a few (approximately 1 − 2% of the total hydrogen atoms) such configurations appear
at 14 at.% and 23 at.% hydrogen concentrations. It is noteworthy that these results are in good
agreement with the IR spectroscopy data reported by Manfredotti et al [55], and Lucovsky et al
[37].
At the end of structural properties, we would like to present the coordination of silicon
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atoms with their neighbors in Table 5.1. The table shows that up to 97% of all the silicon atoms
are four-fold coordinated along with a few three-fold dangling bonds (≤ 1.62%), and five-fold
floating bonds (≤ 2.25%). These results ensure that the models have tetrahedral bonding nature.
A statistics of clustered and diluted hydrogen atoms are presented in Table 5.3. With increasing
the hydrogen contents a number of clustered hydrogen increases. That make sense because
when the concentration increases more and more hydrogen atoms are available to form a cluster.
Then, small clusters merge into a large cluster as a result a number of diluted hydrogen atoms
decreases (see the Table 5.3). The overall results of structural properties of hydrogenated
amorphous silicon are consistent with ab initio results [40, 41], and the experimental results by
Bellisent et al [36] and Lucovsky et al [37].
Table 5.1: Statistics of defects with H concentration
Conc (%H) 3-fold(%) 4-fold(%) 5-fold(%)
10
0.95
96.80
2.25
14
1.30
96.86
1.84
23
1.62
97.10
1.28

Table 5.2: Statistics of hydride configurations with H concentration
Conc (%H) SiH(%H) SiH2 (%H) SiH3 (%H)
10
86
14
0
14
81
17
2
23
75
24
1

Table 5.3: Statistics of clustered and diluted H atoms
Conc (%H) Clustered(%H) Diluted(%H) H atoms in a cluster
10
40
60
4-7
14
60
40
4-8
23
75
25
4-16
Having discussed the structural aspect of the models, we now focus on the electronic
properties in the networks. It is obvious that the presence of even a very minute defect can
significantly affect the electronic density of states. In particular, the band gap region is very
sensitive to structural disorder, especially the presence of floating and dangling bonds. It is
therefore necessary to establish that the models can produce an accurate electronic density of
states (EDOS) with a correct band gap. We have used a first-principles density functional code,
SIESTA, [106, 101] and the result of EDOS calculations are presented in Figures 5.11, 5.12 and
5.13 for 10 at.%, 14 at.% and 23 at.% respectively. The overall shape of the EDOS is almost
identical in all the models except near the band gap. The models with a lower concentration
of hydrogen tend to show a cleaner gap in the electronic spectrum. The shape of the band
tails near the gap region in the figures is exponential. Such exponential behavior of band tail
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states has also been shown by Jarolimek et al [40], Buda et al [41] and other several theoretical
[44, 66, 69, 104] and experimental [13, 15] works. This is a universal feature of amorphous
semiconductors which is caused by short range order and the long range disorder.
5.4.2

Vacancies and voids in a-Si:H models

Infrared experiments [97] and theoretical [49] studies both show that the hydrogen microstructure consists of built-in mono- and divacancies. Therefore, we want to focus on whether the
models generated via the inverse method consist of the vacancies or not. A real space analysis
shows that the models at 10 at.% and 14 at.% hydrogen concentrations consist of both the stable
mono- and divacancies whereas the model at 23 at.% H concentration shows empty cavities also,
which we called micro-voids, surrounded by hydrogen atoms in the inner surface of the cavity.
However, no hydrogen molecule is observed within the cavities. We present a representative
mono-vacancy of 10% and a divacancy of 14% hydrogen concentrations in Figure 5.14. The sub
plots (a) and (c) depict the mono- and divacancies at 10 at.% and 14 at.% respectively. We can
further understand these structure of vacancies by introducing new silicon atoms after removing
four hydrogen atoms for mono and six hydrogen atoms for divacancies as shown in sub plots
(c) and (d) respectively. The small (yellow) and big (green) atoms are hydrogen and silicon
atoms whereas the big (white) atoms are introduced silicon atoms, which are considered as
the missing silicon atoms in the both cases. It should be noted that the missing silicon atoms
can adjust themselves with neighboring silicon atoms even after relaxing the network via the
first-principles method (i.e. SIESTA).
Having discussed with vacancies in the lower concentration models (≤ 14), we would like
to discuss about voids at the high concentration (23 at.% H) model. It is observed from the
experiment that at the high concentration model the hydrogen micro-structure shows voids
rather than the vacancies [97]. In our high concentration model, an empty cavity or micro-void
is observed and it is depicted in Figure 5.15. We have shown the same complex with and without
applying a molecular surface [117]. The micro-void is visible in the Figure 5.15 (left), however,
to make it further clear we apply molecular surface and present it to the right side of the figure.
The cavity consists of 16 hydrogen atoms in the inner surface, however, no molecular hydrogen
is observed within it. These observations are remarkable because the vacancies and micro-voids
are evolved themselves while relaxing the model networks. Furthermore, these results are
consistent with IR experiments by Smets et al [97] in which the authors were reported that the
hydrogen micro-structure consists of mono- and divacancies at low (< 14%) and micro-voids
or voids at high (> 14%) hydrogen concentrations.
5.4.3

Calculation of NMR line spectra

Nuclear magnetic resonance experiment is one of the best probe to characterize clustered and
diluted phases of hydrogen atoms in the micro-structure [6, 9]. These experiments provide one
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Figure 5.14: (a) A stable mono-vacancy with a cluster of six hydrogen atoms, (b) the same
complex after removing four hydrogen atoms and introducing a missing silicon atom for the
purpose of clarity at 10 % hydrogen concentration. Similarly, (c) a stable divacancy with a
cluster of seven hydrogen atoms, (d) the same complex after removing the six hydrogen atoms
and introducing two missing silicon atoms at 14% hydrogen concentrations. All big (green)
and small (yellow) atoms are silicon and hydrogen atoms whereas the big (white) atoms are the
missing silicon atoms. The distance between two missing silicon atoms is approximately 2.5 Å.

dimensional line spectrum via the Fourier transform of a free induction decay (FID) of three
dimensional distribution of hydrogen atoms in bulk materials [76]. The line spectrum consists
of two components: a Gaussian line originated from clustered and a truncated Lorentzian line
from diluted environments. Therefore, the NMR line spectrum is a combination of the both
and it can be constructed from the knowledge of dipolar interactions among the hydrogen
nuclei [77]. To the best of our knowledge, no theoretical study has reported yet the calculation
of NMR line spectrum of hydrogenated amorphous silicon. Therefore, we focus on providing
an approximated calculation of the line spectra at different hydrogen concentrations.
In order to calculate the NMR line spectra, we first separate the overall hydrogen distribution
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Figure 5.15: (Left) A big cluster up to 16 H atoms and the same complex (right) by applying
molecular surface to provide a clear picture of the micro-void at 23% hydrogen concentration
are shown in the figure.

into a clustered phase and a diluted phase of the hydrogen atoms. The second and fourth
moments were calculated from Equations 5.1 and 5.2 respectively. Once the moments are
available, we construct a Gaussian function, f(G), from the moments of the clustered hydrogen
atoms and a truncated Lorentzian function, f(L), from the diluted hydrogen atoms. Then, the
line spectrum is approximated by using Equation 5.8. The constants, A and B in the equation,
are taken based on the contribution of hydrogen atoms in the clustered and diluted phases
respectively. The NMR line spectra at 10 at.%, 14 at.% and 23 at.% are shown in Figure 5.16.
The corresponding line widths are also presented in Table 5.4.
Table 5.4: Comparison of theoretical and experimental line width
Theoretical
Experimental
%H σG (kHz) σL (kHz)
σG (kHz) σn (kHz) Source
10
20.23
3.38
22.0
2.7
*NRL[39]
14
26.21
2.73
26.0
3.8
*RCA[39]
23
27.29
1.79
25-30
...
*Gleason[46]
*Hydrogen concentration of samples is 10-15 %.

In Figure 5.16, NMR line spectra of 10 at.%, 14 at.% and 23 at.% are represented by blue,
red and black colors. The line spectra in the figure clearly show a highly inhomogeneous nature
of the hydrogen distributions because none of them are neither a Gaussian nor a truncated
Lorentzian shape. These spectra further indicate that with increasing hydrogen concentration
the broad line widths increases and vice versa for the narrow line widths. The results from our
models and the experimental works are presented in the Table 5.4. The broad and narrow line
widths at 10 at.% hydrogen concentrations are 20.23 kHz and 3.38 kHz respectively. Similarly,
in 14 at.% hydrogen content, the broad and narrow line widths are 26.21 kHz and 2.73 kHz
respectively. These observations are very close with NRL and RCA data [39]. Furthermore,
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Figure 5.16: NMR spectra of the 10% (blue), 14% (red) and 23% (black) hydrogen concentrations respectively. The broad line widths increases with increasing hydrogen concentrations
whereas the narrow line widths decreases.

Figure 5.17: NMR spectrum for the 10% H model. The experimental data (NRL) corresponds
to 10-15% H, and are taken from Ref. [39]. the y-axis of 10% H concentration is scaled with
respect to NRL data for the purpose of comparison.

the broad and narrow line widths of 27.29 kHz and 1.79 kHz are observed at 23 at.% hydrogen
concentration. The over all values of line widths at different hydrogen concentration regimes
are in excellent agreement with NMR experiments [39, 46].
Finally, for the purpose of comparison, we have rescaled the data of 10% and 14% hydrogen
concentrations with respect to NRL data [39] as shown in Figures (5.17) and (5.18). The
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Figure 5.18: NMR spectrum for the 14% H model. The experimental data (NRL) corresponds
to 10-15% H, and are taken from Ref. [39]. the y-axis of 14% H concentration is scaled with
respect to NRL data for the purpose of comparison.

nature of the plots at 10 at.% and 14 at.% are similar to the experimental NRL line spectra.
However, a number of clustered hydrogen atoms is slightly less than that of NRL sample at 10
at.% hydrogen concentration. Similarly, they are slightly greater than NRL sample at 14 at.%
concentration.On the other hand, there are more diluted hydrogen atoms at 10 at.% and less
hydrogen atoms at 14 at.% with respect to NRL sample. These observations can be made by
analyzing the Gaussian and Lorentzian parts of the spectra. From all these results, we came in a
conclusion that the models, which were generated via the information-based inverse method,
provide not only the correct NMR line spectra but also satisfy structural and electronic properties
of the hydrogenated amorphous silicon. Therefore, this result is one of the remarkable outcome
of our research to understand the hydrogen micro-structure in further detail.
5.5

Conclusion

We have developed a new method which is based on the inverse approach that uses experimental cluster and moment information as its input and generates the models of hydrogenated
amorphous silicon. The method is very simple and it can produce the correct hydrogen microstructure. We have presented three representative models of 10 at.%, 14 at.% and 23 at.%
hydrogen contents. The models not only provide the correct pair correlation functions but also
the bond angle distribution. The electronic density of states (EDOS) calculations show that
there is a very clean energy band gap between the valence and the conduction bands. All the
models have more than 97% four-fold coordinated silicon atoms having less than 3% three-fold
and five-fold defects. Furthermore, the micro structures have all possible hydride configurations
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such as SiH, SiH2 and SiH3 . However, it is dominated by mono-hydrides (SiH) configurations.
The lower concentration models (10 at.% and 14 at.%) consist of mono and stable divacancies whereas the higher concentration (23 at.%) model shows the existence of the voids
surrounded by several hydrogen atoms in the internal surface of the voids. However, no H2
molecule is observed within the void even at the high concentration. The NMR line spectrum of
all three models are calculated using Van Vleck’s moments. The calculated line spectra are very
consistent with the experimental samples provided by the NRL and RCA laboratories. Thus,
the method is very efficient to generate the models of the hydrogenated amorphous silicon in all
concentration regimes.
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Chapter 6
VOIDS AND MOLECULAR HYDROGEN

6.1

Introduction

Based on our knowledge, a characterization of micro-voids in a device quality sample of the
hydrogenated amorphous silicon was made by Mahan et al [53] by small-angle x-ray scattering
and infrared measurement. However, multiple-quantum nuclear magnetic resonance (MQ-NMR)
[87], scanning electron microscopy (SEM) [118], small-angle scattering [119] etc. demonstrate
the existence of micro-voids in non device-quality samples of the hydrogenated amorphous
silicon. The calorimetry experiment by Graebner et al [98] directly suggested the micro-voids
having diameter in a range of 10 − 40 Å. Later on, Smets et al [97] reported the evidence of
micro-voids or voids at greater than 14 at.% hydrogen concentrations. Most of these studies
suggest that inner surface of the voids contain 4 − 9 hydrogen atoms [53] depending on the
samples.
In addition to the voids, a small number of hydrogen molecules were observed within the
voids by Conradi et al [120], Carlos et al [39] and Leopold et al [121]. However, a direct
experimental evidence of the molecular hydrogen in a-Si:H was reported by Löhneysen et al
[96] in samples prepared by the glow discharge technique. Similarly, Chabal et al [95] reported
the first observation of gaseous molecular H2 via the infrared absorption spectroscopy in 1984.
Then, Boyce et al [80] and Su et al [76] observed the similar results by NMR experiments.
Motivated from these experiments, we are interested in generating a model that can incorporate
micro-voids with molecular hydrogen in the device-quality sample (7-20 at.% hydrogen atoms)
of hydrogenated amorphous silicon.
We made significant progress by generating models of hydrogenated amorphous silicon
between 10-16 at.% hydrogen concentration as described in the earlier section. Although the
model shows an evidence of the voids having several hydrogen atoms in its internal surface, we
do not have a theoretical evidence of molecular hydrogen within the voids. That motivate us
finding a better way of model generation that can prove the micro-structure consists of voids
and hydrogen molecules within it. In addition, our interest involves generating models with less
than 20 at.% hydrogen concentration (range of a device-quality sample).
Before describing the model generating technique, we would like to start from a schematic
diagram of a void which is shown in Figure 6.1. The big and small spheres are silicon
and hydrogen atoms respectively. An empty space, considered as a micro-void, that can
accommodate at least four silicon atoms in absence of those hydrogen atoms in the figure. It is
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to be noted that hydrogen molecules may or may not reside within the voids. Some experiments
[80, 96], for instance, Löhneysen et al [96] showed the hydrogen molecules lie within the
voids whereas Mahan et al [53] reported the non-existence of hydrogen molecules within the
voids. However, it is generally accepted that the micro-structure consists of voids at higher
concentrations (> 14 at.%) and it depends on several factors such as deposition conditions,
preparation methods and quality of the samples.

Figure 6.1: Schematic diagram of a void structure. The big and the small circles represent
silicon and hydrogen atoms respectively. The empty cavity in the figure is considered as a
micro-void.

We have developed several models of the hydrogenated amorphous silicon at the higher
hydrogen contents (>15 at.%). The micro-structure of the models consist of voids with molecular
hydrogen. One of the very important results of this work is an evolution of H2 molecules within
the voids while relaxing the network. It is remarkable because no theoretical work is reported
yet with an evidence of the molecular hydrogen. However, some theoretical works [82] have
created a void in the beginning, and relaxed the network globally or locally after keeping some
hydrogen atoms within the voids or nearby. While doing so they have observed some H2
molecules within the voids. Our approach is completely different from them and a detail of the
work is presented in the following sections.
6.2

Model Generation

We use the same algorithm (an information-based inverse approach) described in Chapter 5 for
the purpose of model generation. However, we have chosen a bigger box size (approximately
36 Å) at this time. Several samples in a range of 10-20 at.% hydrogen contents are generated
to study whether the models consist of molecular hydrogen or not within the voids. The
samples having the hydrogen contents of ≤ 15 at.% do not show presence of micro-voids and
H2 molecules in their structures. It is in good agreement with the results of Smets et al [97] in
which they had reported that the micro-structure incorporates vacancies rather than voids at these
concentration regimes, and the H2 molecules reside mostly within the voids [80]. Therefore,
we considered the samples in a range of 16 − 20 at.% hydrogen concentration. However, we
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have presented the results of only two representative samples at 16 at.% and 18 at.% hydrogen
concentrations. Now onward, we refer the sample at 16 at.% hydrogen as ’Sample A’, and at 18
at.% hydrogen concentration as ’Sample B’ respectively.
Sample A consists of 2560 atoms within a cubic box of linear dimension 35.7 Å including
417 hydrogen and the remaining silicon atoms. Similarly, in sample B, there are 460 hydrogen
out of 2625 atoms within the same cubic box. The size of the box is calculated based on
experimental density of hydrogenated amorphous silicon [6]. Both samples have several small
clusters of 4 − 7 and a few large clusters of 14 − 22 hydrogen atoms. It is to be noted that
the input NMR moments information at these concentrations are not available directly from
experiments. Therefore, we calculate the first, second and the fourth NMR moments from
the experimental NMR line spectra of the NRL and RCA samples [39]. These experimental
samples consist of 10 − 15 at.% hydrogen contents. However, the NRL sample shows more
diluted and the RCA sample illustrates more clustered environment of hydrogen atoms. Such
obsertions can be easily made from their line spectra because the RCA sample has broader line
width as compared to that of the NRL sample.
Once the models are generated, their validity should be checked. Pair correlation function
and bond angle distribution are two important structural measures of a valid model. The first
provides an information about two-body correlation whereas the second provides three body
correlation in the amorphous network. Figures 6.2 and 6.3 are the pair correlation functions
between silicon and hydrogen atoms of the samples A and B respectively. In other words,
correlation between Si and H atoms only are presented in the figures. The first peaks in the
both figures lie in a range of 1.45 Å −1.7 Å. Those sharp peaks are measures of SiH bond
lengths as well as the first nearest neighbors of silicon atoms. The second peaks locate in a
range of 2.5 Å−3.5 Å as shown in the figures. They are broader as compared to the first peaks.
These observations are very consistent with earlier experimental [38, 42] and theoretical works
[40, 41].
Bond angle distribution is another structural measure to validate the model. Figures 6.6
and 6.7 are the bond angle distributions of samples A and B respectively. The average bond
angle is 108.65◦ with RMS deviation of 13.7◦ in sample A. Similarly, they are 108.55◦ with
13.78◦ respectively in sample B. These results show that the models have correct two body (i.e.
pair correlation) and three body correlations (i.e. bond angle distribution). Once the structural
aspects are satisfied by the models then electronic density of states (EDOS) should be checked.
A semiconductor must have a very clean energy band gap between valence and conduction
bands. An EDOS calculation provides whether the network has a clean energy band gap or
not. Figures 6.8 and 6.9 clearly show that there is a clean gap between the valence and the
conduction bands in the both models. If a model has defects then they reflect in the band gap.
Hence the gap becomes thinner or even it may disappear, as a result, the material may show
anomalous electronic properties. Therefore, the energy band gap should be clean for the device
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Figure 6.2: Si-H pair correlation in sample A (16 at.% H concentration model). The first peak
lies in a range of 1.45 Å−1.7 Å whereas the second peak locates in an order of 2.5 Å−3.5 Å.

Figure 6.3: Si-H pair correlation in sample B (18 at.% H concentration model) is shown in the
figure. The first peak lies in a range of 1.45 Å−1.7 Å whereas the second peak locates in an
order of 2.5 Å−3.5 Å.

quality model. In both the figures, the gap is not wider as compared to the experiment (≈ 1.7
eV) because in density functional theory calculation, the band gap is under estimated, as a result,
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Figure 6.4: Distribution of hydrogen atoms in sample A (16 at.% H concentration model).The
first peak lies in a range of 0.7 Å− 1.0 Å that indicates the existence of H2 molecules in the
model. The maximum peak lies in a range of 1.8 Å− 2.6 Å that represents the H-H distance of
SiH2 and SiH3 configurations.

the gap become thinner as compared to the experiment [36]. Similar observations were reported
by Jarolimek et al [40].
6.3

Results and Discussion

Having discussed with the major aspects of model validation, we would like to focus on results
of the hydrogen micro-structure, voids and molecular hydrogen of the models.
6.3.1

Hydrogen Microstructure

Table 6.1 provides various silicon-hydride configurations of sample A. The model consists of
74.5% SiH, 21.2% SiH2 , 2.9% SiH3 and 1.4% of the total hydrogen as H2 molecules. Similarly,
in sample B, there are 76% SiH, 19% SiH2 , 3.2% SiH3 , 0.9% SiH4 and 0.9% of the total
hydrogen as H2 molecules. The micro structures are highly dominated by SiH configurations in
both models which is in very good agreement with IR experiments [83] as well as our previous
theoretical models [48, 49]. Only one SiH4 configuration is observed in sample B, which is
considered as a defect because no experimental work has reported yet the existence of SiH4 .
However, sample A has no such configuration. Furthermore, a few hydrogen molecules are
observed in both models which is reported by some experimental works [76, 80, 96]. The
models show all possible silicon-hydrogen bonding configurations such as SiH, SiH2 , SiH3 etc.,
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Figure 6.5: Distribution of hydrogen atoms in sample B (18 at.% H concentration model).The
first peak lies in a range of 0.7 Å− 1.0 Å that indicates the existence of H2 molecules in the
model. The maximum peak lies in a range of 1.8 Å− 2.6 Å that represents the H-H distance of
SiH2 and SiH3 configurations.

Figure 6.6: The bond angle distribution for sample A (16 at.% H concentration model). An
average bond angle of the distribution is 108.65◦ with root mean square deviation of 13.7◦ .
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Figure 6.7: The bond angle distribution for sample B (18 at.% H concentration model). An
average bond angle of the distribution is 108.55◦ with root mean square deviation of 13.78◦ .

Figure 6.8: Electronic density of states (EDOS) in sample A (16 at.% H concentration model) is
shown in the figure. A clean gap between the valence and the conduction bands is visible.

thus, it is one of the remarkable observations.
Another important aspect of the hydrogen micro structure is coordination schemes of silicon
atoms with their nearest neighbors. Table 6.2 suggests that more than 97 % of silicon atoms
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Figure 6.9: Electronic density of states (EDOS) in sample B (18 at.% H concentration model) is
shown in the figure. A clean gap between the valence and the conduction bands is visible.

Table 6.1: Statistics of hydride configurations with H concentration
Conc (%H) SiH(%H) SiH2 (%H) SiH3 (%H) SiH4 (%H) H2 (%H)
16
74.5
21.2
2.9
0.0
1.4
18
76.0
19.0
3.2
0.9
0.9
have four-fold bonds in both models. The defects in the models are very low (≤2.7%) including
≤ 0.8% three-fold and ≤ 1.9% five-fold bonds in both models. Furthermore, the coordination
number of 4.01 in both the models preserves the tetrahedral nature of amorphous silicon.
However, the coordination number is slightly greater than four because the both models have
more five-fold floating bonds as compared to a total of two-fold and three-fold dangling bonds.
Table 6.2: Statistics of Silicon hydrogen bonding configurations with H concentration
Conc (%H) 3-fold(%) 4-fold(%) 5-fold(%) coordination number
16
0.70
97.60
1.7
4.01
18
0.80
97.30
1.9
4.01
In order to investigate a hydrogen distribution in the models, we have separated the distribution into clustered and diluted hydrogen atoms. Table 6.3 shows how the atoms are distributed
in the silicon network. More than 75% hydrogen atoms reside in the clustered phase including
several small clusters of 4 − 7 and a few large clusters of 14 − 22 hydrogen atoms. It can be
further characterized by a local distribution of hydrogen atoms. Figures 6.4 and 6.5 are the local
hydrogen distributions of samples A and B respectively. The first peaks in a range of 0.7 Å−
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1.0 Å in both the figures elucidate the presence of H2 molecules in the networks. The distance
between hydrogen atoms in SiH2 , SiH3 and SiHHSi configurations are reflected in the range of
1.8 Å−2.6 Å. These observations are consistent with the NMR experiments by Su et al [76] and
a theoretical work by Drabold et al [81].
Table 6.3: Statistics of clustered and diluted H atoms
Conc (%H) Clustered(%H) Diluted(%H) H atoms in a cluster
16
77
23
4-7, 14-20
18
75
25
4-8, 16-22

6.3.2

NMR line spectra

We have already presented a detail procedure of NMR line spectra calculations in Chapter 5.
Therefore, we just want to present the results in this section. Likewise in the previous sections,
the second and fourth moments were calculated using Equations 5.1 and 5.2 respectively. Table
6.4 provides the second and fourth moments as well as Γ of overall, diluted and clustered phases
of the hydrogen distribution. The moments were presented after taking an average of 1000
random directions of applied magnetic field. The values of Γ lie in a range of 3.15 − 7.34. They
are very close to 3 (ΓG = 3) in the clustered phase and significantly deviated from 3 (ΓL >> 3)
in the diluted phase. However, they are similar in the overall calculations. These observations
recommend to separate clustered and diluted hydrogen atoms while calculating the line widths
rather than using the overall distribution.
In Table 6.5, we have listed the broad line widths (σg ) using the Gaussian approximation and
the narrow line widths via the truncated Lorentzian (σL ) and the density approximation (σnarrow ).
The broad line widths lie in a range of 30.33 − 35.00 kHz in the clustered phase whereas they
are in an order of 28.0 − 31.0 kHz in the overall calculations. Their values decrease in the
overall calculations as compared to the clustered phase due to a contribution of the diluted
hydrogen atoms. On the other hand, σL and σnarrow lie in a range of 3.25 − 4.70 kHz and
4.47 − 5.37 kHz respectively in the diluted phase. However, their larger values, 11.0 − 12.7
kHz and 8.22 − 9.0 kHz respectively in the overall calculations, include a contribution of the
clustered hydrogen atoms as well. Thus, the overall calculations of NMR moments and line
widths mislead the information of any highly inhomogeneous hydrogen distribution. Hence,
it is again recommended that those calculations should be performed only after separating the
overall hydrogen distribution into clustered and diluted phases.
Table 6.6 is a comparison of theoretical models with some experimental works. The broad
line widths (σg ) and narrow line widths (σL ) are 30.33 kHz and 3.25 − 4.47 kHZ respectively
in sample A whereas they are 35.0 kHz and 4.7 − 5.37 kHz respectively in sample B. On the
other hand, the experimental broad and narrow line widths lie in a range of 22.0 − 39.0 kHz
and 2.7 − 6.0 kHz respectively other than HW sample in the table.
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Figure 6.10: An NMR line spectrum in sample A (16 at.% H concentration model) is shown in
the figure. The spectrum shows a broad line width of 30.33 kHz and a narrow line width of 3.25
kHz.

Figure 6.11: An NMR line spectrum in sample B (18 at.% H concentration model) is shown in
the figure. The spectrum shows a broad line width of 35 kHz and a narrow line width of 4.7
kHz.

66

Table 6.4: Van Vleck moments of overall, clustered and diluted phases of hydrogen atoms
Γ
µ4 (γ 8 h̄4 )
Conc (at.% H) Phase
µ2 (γ 4 h̄2 )
−3
−4
16
Overall 9.94 ×10
3.64 ×10
3.68
Cluster 1.15 ×10−2 4.26 ×10−4 3.23
Dilute 1.64 ×10−3 1.97×10−5 7.34
18
Overall 1.25 ×10−2 5.81 ×10−4 3.69
Cluster 1.54 ×10−2 7.45 ×10−4 3.15
Diluted 2.68 ×10−3 4.14 ×10−5 5.76
Table 6.5: Line widths of overall, clustered and diluted phases of hydrogen
Conc (at.% H) Phase σg (kHz) σL (kHz) σnarrow (kHz)
16
Overall
28.0
11.0
8.22
Cluster
30.33
Dilute
3.25
4.47
18
Overall
31.0
12.7
9.00
Cluster
35.0
Dilute
4.70
5.37
Once we have the correct NMR moments and line widths, we would like to calculate
theoretical NMR line spectra of the models. We calculate NMR line shapes after separating
the clustered and diluted moments as shown in Figures 6.10 and 6.11 for the samples A and B
respectively. The line spectra of both the samples are similar to the RCA data [39]. However,
the exact clustered and diluted hydrogen information of those models are unavailable for the
purpose of comparison. Both plots show the dominant character of clustered hydrogen because
the line spectra are more Gaussian than the truncated Lorentzian. From these observations, one
can conclude that the models generated via the inverse approach, are in excellent agreement
with the device quality samples.
6.3.3

Structure of voids and molecular hydrogen

We have already discussed about the existence of the voids and molecular hydrogen from several
experimental works. The void structures of the sample A and B are presented in Figures 6.12
and 6.14 respectively. In the both figures, the large (green) atoms and small (white) atoms are
silicon and hydrogen respectively. A hydrogen molecule (two connected white spheres) in the
center of the voids are visible in both figures. It is to be noted that the structures of the voids are
highly irregular in a three dimensional space. Therefore, it is a nontrivial task to visualize them
from the bulk network. For the purpose of clarity, we apply Gaussian surface to depict the void
structures in both Figures 6.13 and 6.15. Once again, the white (small) and big (green) spheres
are hydrogen and silicon atoms respectively. Figure 6.13 is the same complex as in Figure 6.12
after applying the Gaussian surface. Figure 6.15 is presented in a similar fashion from Figure
6.13. The shapes of the voids are quite irregular. The diameter of the space (voids) varies in a
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Table 6.6: Summary of the theoretical and experimental line widths
Theory
(at.% H)
σg (kHz)
σL (kHz)
16
30.33
3.25 − 4.47
18
35.0
4.7 − 5.37
Experiments
(at.% H) σbroad (kHz) σnarrow (kHz)
Reimer et al
8.0 − 32.0 22.0 − 27.0
3.0 − 5.0
Gleason et al
8.0 − 15.0 25.0 − 30.0
...
Wu et al (GD sample) 8.0 − 10.0 34.0 − 39.0
4.0 − 6.0
Wu et al (HW sample) 2.0 − 3.0 47.0 − 53.0
3.0 − 6.0
NRL
10 − 15
22.0
2.7
RCA
10 − 15
26.0
3.8

Figure 6.12: A complex having at least seven hydrogen atoms in the inner surface of the void
with a hydrogen molecule is shown in the figure at 16 at.% hydrogen concentration. The large
(green) and small (white) spheres represent silicon and hydrogen atoms respectively.

range of 5 − 16 Å in both the models which are comparable with calorimetry experiments by
Graebner et al [98]. Similar observations were observed by Mahan et al [53], Chabal et al [95]
and Boyce et al [80]
Another important aspect of the voids is a decoration of its internal surface by hydrogen
atoms. In sample A, at least 6 hydrogen atoms are visible in the inner surface of the void as
shown in Figures 6.12 and 6.14. All the hydrogen atoms are located forming the mono hydride
(SiH) configurations. Because of the difficulty while visualizing the inner surface, we have
presented only a few silicon atoms. However, no silicon atoms in the surface has the dangling
bonds. It is one of the most important results that describes a stable nature of the void. Similarly,
there are at least nine hydrogen atoms in the surface of the void in sample B (see Figures 6.13
and 6.15). Likewise in sample A, all hydrogen atoms form mono hydrides (SiH). No other
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Figure 6.13: The same complex of Figure 6.12 after applying the molecular surface is shown in
the figure. The irregular inner shape of the void is visible in the figure. The large (green) and
small (white) spheres represent silicon and hydrogen atoms respectively.

Figure 6.14: A complex having at least nine hydrogen atoms in the inner surface of the void
with a hydrogen molecule is shown in the figure at 18 at.% hydrogen concentration. The large
(green) and small (white) spheres represent silicon and hydrogen atoms respectively.

configurations such as SiH2 and SiH3 are observed in the surface of the voids.
Finally, we would like to complete our discussion by mentioning the existence of hydrogen
molecules in the models. As we discussed earlier, the probability of having H2 molecules in
the micro-structure is very low. The earlier studies [80, 96] reported that the concentration of
hydrogen molecules is approximately 1% of the total hydrogen. In sample A (16 at.% hydrogen
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Figure 6.15: The same complex of Figure 6.14 after applying the molecular surface is shown in
the figure. The irregular inner shape of the void is visible in the figure. The large (green) and
small (white) spheres represent silicon and hydrogen atoms respectively.

concentration), 1.4 % of the total hydrogen are found as hydrogen molecules. One of a such
configurations is shown in Figure 6.13. The distance between two hydrogen in the H2 molecules
lie in a range of 0.7 − 0.98 Å. Similarly, approximately 0.9% of total hydrogen are in molecular
hydrogen state in sample B. The H-H distance of the H2 molecules have the same range as
in sample A. We relax the network several times via the first-principles density function code
(SIESTA) to remove the strain in hydrogen molecules. Therefore, these H2 molecules are
stable configurations and all the molecules reside within the voids only. These observations
imply that the micro-structure consists of the voids and hydrogen molecules in the samples of
hydrogenated amorphous silicon.
6.4

Conclusion

We study several models of hydrogenated amorphous silicon in a range of 10 − 20 Å, which
were generated by the information-based inverse approach. The models have not only the correct
structural and electronic properties but also they satisfy IR and NMR properties independently.
Furthermore, the models, having concentration ≤ 15 at.% hydrogen, do not show any evidence
of micro-voids and hydrogen molecules. However, the models at ≥ 15 at.% consist of microvoids and H2 molecules inside the micro-voids. The microstruture consists of very few H2
molecules which is in a range of 0.9 − 1.4% of total hydrogen. These are very good theoretical
results which are consistent with the NMR, IR and calorimetry experiments.
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Chapter 7
SUMMARY

We would like to summarize the work in four parts. In the first part, we study the hydrogen
micro-structure from the models which were generated via the ECMR method at 7 at.% (low
concentration) and 22 at. % (high concentration) of hydrogen atoms. These models show that the
micro-structure mostly consists of SiH and SiH2 bonding configurations at both concentrations.
However, it is highly dominated (≥ 75% of total hydrogen) by mono-hydrides (SiH). The
hydrogen distributions in both model are highly inhomogeneous as it is reported by earlier
several experimental works. The micro-structure consists of a small cluster of 4 − 7 hydrogen
atoms at the low and 10 − 20 at the high concentrations. Furthermore, the micro-structure
is enriched by open-chain like structures of mono and dihydride configurations at the high
concentration. These observations are further confirmed by calculating NMR line widths of
the models. The broad line widths lie in a range of 19 − 25 kHz whereas the narrow line width
belongs to 2.8 − 5.3 kHz at the low concentration. Similarly, their values are 33.8 − 47.3 kHz
and 5.9 − 6.4 kHz respectively at the high concentration. From this study, we recommend that
the NMR line widths should be calculated by separating the clustered and diluted hydrogen
atoms from the overall hydrogen distribution. While doing so, the highly inhomogeneous
hydrogen distribution can be represented correctly.
In the second part, we mainly focused on the defects beyond the dangling and floating
bonds, such as vacancies and voids of the hydrogenated amorphous silicon. The low hydrogen
concentration model has mono and split divacancies whereas there are mono and stable divacancies at the high concentration model. However, no voids were observed even at the high
hydrogen concentration. These observations are remarkable because the vacancies were evolved
by themselves while relaxing the network via the first-principles density functional method.
From the ECMR models, we were able to address the various important aspects of the
hydrogen micro-structure. However, we could not provide any results regarding SiH3 and H2
configurations as well as voids in the micro-structure. Therefore, we develop a new method of
model generation that is able to address the shortcomings of the earlier models. The method not
only provides correct structural properties including all possible hydride configurations but also
address the defects such as vacancies and voids in the micro-structure. Moreover, approximate
calculations of NMR line spectra are very close to the experiments. These remarks were
made only after performing a detail study on several models of the hydrogenated amorphous
silicon at 7-23 at.% concentration regimes. Despite having the correct structural and electronic
properties of the micro-structure, the existence of H2 molecules within the voids at the higher
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concentrations is not recognized from the models. That motivates us to develop the model that
can also show an evidence of H2 molecules in the micro-structure.
Finally, we were able to construct the models at 15 − 20 at.% hydrogen concentrations,
which gave the evidence of H2 molecules within the voids. The structure of the voids are highly
irregular in a three dimensional shape having 6 − 9 mono-hydrides (SiH) in their inner surface.
The voids consists of 0.9-1.4% of total hydrogen as the hydrogen molecules. The models have
correct structural, electronic, vibrational and nuclear magnetic resonance properties. These
results are consistent with IR, NMR, MQ-NMR and calorimetry experiments as well as the
first-principles or ab initio calculations.
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Appendix A
SIESTA INPUT AND OUTPUT FILES

An example of the input file is presented below.
# this is the input file for siesta
SystemName
SiH
SystemLabel
sih
NumberOfAtoms
NumberOfSpecies

2573
2

%block ChemicalSpeciesLabel
1 14 Si
2 1
H
%endblock ChemicalSpeciesLabel
PAO.BasisSize
PAO.EnergyShift

SZ
300 meV

LatticeConstant
35.72 Ang
%block LatticeVectors
1.000 0.000 0.000
0.000 1.000 0.000
0.000 0.000 1.000
%endblock LatticeVectors
MaxSCFIterations
DM.MixingWeight
DM.NumberPulay
DM.Tolerance
UseSaveData T
MeshCutoff

50
0.3
3
5.d-4
100.0 Ry

SolutionMethod
diagon
ElectronicTemperature 25 meV
Harris_functional
.true.
XC.functional
XC.authors

LDA
CA

MD.TypeOfRun
CG
MD.NumCGsteps
2000
MD.LengthTimeStep 2.5 fs
MD.MaxForceTol
0.01 eV/Ang
WarningMinimumAtomicDistance 1.0 Ang
AtomicCoordinatesFormat NotScaledCartesianAng
%block AtomicCoordinatesAndAtomicSpecies
14.18000
4.06000
3.03000
1 # si
8.03000 10.61000 11.45000
1 # si
15.92000
4.43000
8.39000
1 # si
13.30000
6.81000 15.72000
1 # si
11.28000
2.01000 10.26000
1 # si

1
2
3
4
5

73
15.81000 15.23000 14.44000
1 # si
6
16.48000 15.00000 11.13000
1 # si
7
7.31000 15.83000
3.21000
1 # si
8
15.50000 14.25000
3.77000
1 # si
9
13.76000
8.37000 12.25000
1 # si
10
8.43000 14.34000 12.25000
1 # si
11
7.75000
7.41000
6.12000
1 # si
12
6.13000 13.52000 15.32000
1 # si
13
8.13000
5.64000 10.23000
1 # si
14
12.99000
5.78000
6.27000
1 # si
15
15.46000 15.61000
5.65000
1 # si
16
5.07000 13.88000 11.64000
1 # si
17
2.16000
5.86000
5.34000
1 # si
18
3.92000
5.51000
0.36000
1 # si
19
5.95000
2.82000 11.14000
1 # si
20
13.38000 11.58000
1.95000
1 # si
21
8.66000
7.35000
2.71000
1 # si
22
0.76000
2.89000
7.14000
1 # si
23
16.60000
5.41000 12.72000
1 # si
24
14.42000 17.07000
9.51000
1 # si
25
15.96000 10.88000
7.98000
1 # si
26
10.70000
6.39000
2.99000
1 # si
27
2.76000
4.55000
2.01000
1 # si
28
0.51000
5.21000
2.28000
1 # si
29
0.08000 17.65000
9.00000
1 # si
30
5.77000 12.43000
7.54000
1 # si
31
0.20000 17.52000
3.33000
1 # si
32
2.81000 11.72000
5.31000
1 # si
33
17.21000
6.83000 14.25000
1 # si
34
3.08000
9.68000
4.23000
1 # si
35
12.84000 16.13000 11.08000
1 # si
36
2.55000 10.87000 11.78000
1 # si
37
17.26000
1.22000 10.81000
1 # si
38
5.49000 16.06000
8.50000
1 # si
39
10.08000 10.13000 12.43000
1 # si
40
8.31000 17.64000 14.21000
1 # si
41
12.67000 11.59000 14.29000
1 # si
42
7.13000
9.43000
5.34000
1 # si
43
15.05000
1.36000 10.19000
1 # si
44
8.64000
1.55000 15.74000
1 # si
45
8.21000 13.80000
0.53000
1 # si
46
14.70000
5.54000
4.81000
1 # si
47
5.05000
1.62000
4.54000
1 # si
48
15.63000 12.28000 16.80000
1 # si
49
11.92000 13.93000 17.21000
1 # si
50
...
...
...
... ...
...
9.58721 12.76959 29.51597
2 # H
2572
6.14366 17.36130 28.59330
2 # H
2573
%endblock AtomicCoordinatesAndAtomicSpecies
An example of output file is presented below.

#FDF: Opened INPUT_TMP.1532554149 for input. Unit: 12
fdf-debug
0
SystemName
SiH
SystemLabel
sih
WriteXML
T
alloc_report_level
xc.functional
LDA
xc.authors
CA

# Default value

# Default value
0
# Default value

74
user-basis
F
user-basis-netcdf
PAO.BasisSize
SZ
PAO.BasisType
split
Number_of_species

# Default value
F
# Default value
# Default value
2

%block ChemicalSpeciesLabel
1 14 Si
2 1
H
%endblock ChemicalSpeciesLabel
PAO.EnergyShift
0.2204939653E-01
Ry
# Above item originally: PAO.EnergyShift
300.0000000
PAO.SplitNorm
0.1500000000
# Default value
PAO.SplitNorm
0.1500000000
# Default value
PAO.EnergyShift
0.2204939653E-01
Ry
# Above item originally: PAO.EnergyShift
300.0000000
PAO.SplitNorm
0.1500000000
# Default value
PAO.SplitNorm
0.1500000000
# Default value
PAO.BasisType
split
# Default value
Atom-Setup-Only
F
# Default value
MD.UseStructFile
F
# Default value
LatticeConstant
67.50104407
Bohr
# Above item originally: LatticeConstant
35.72000000

meV

meV

Ang

%block LatticeVectors
1.000 0.000 0.000
0.000 1.000 0.000
0.000 0.000 1.000
%endblock LatticeVectors

%block LatticeVectors
1.000 0.000 0.000
0.000 1.000 0.000
0.000 0.000 1.000
%endblock LatticeVectors
AtomicCoordinatesFormat
NumberOfAtoms
ZM.UnitsLength
Bohr
ZM.UnitsAngle
rad
ZM.ForceTolLength
ZM.ForceTolAngle
ZM.MaxDisplLength
ZM.MaxDisplAngle
ZM.CalcAllForces

NotScaledCartesianAng
2573
# Default value
# Default value
0.1555740000E-02 Ry/Bohr
# Default value
0.3565490000E-02 Ry/rad
# Default value
0.2000000000
Bohr
# Default value
0.3000000000E-02 rad
# Default value
F
# Default value

%block AtomicCoordinatesAndAtomicSpecies
14.18000
4.06000
3.03000
1 # si
8.03000 10.61000 11.45000
1 # si
15.92000
4.43000
8.39000
1 # si
13.30000
6.81000 15.72000
1 # si
11.28000
2.01000 10.26000
1 # si
15.81000 15.23000 14.44000
1 # si
16.48000 15.00000 11.13000
1 # si
7.31000 15.83000
3.21000
1 # si
15.50000 14.25000
3.77000
1 # si
13.76000
8.37000 12.25000
1 # si
8.43000 14.34000 12.25000
1 # si
7.75000
7.41000
6.12000
1 # si
6.13000 13.52000 15.32000
1 # si

1
2
3
4
5
6
7
8
9
10
11
12
13

75
8.13000
5.64000 10.23000
1 # si
14
12.99000
5.78000
6.27000
1 # si
15
15.46000 15.61000
5.65000
1 # si
16
5.07000 13.88000 11.64000
1 # si
17
2.16000
5.86000
5.34000
1 # si
18
3.92000
5.51000
0.36000
1 # si
19
5.95000
2.82000 11.14000
1 # si
20
13.38000 11.58000
1.95000
1 # si
21
8.66000
7.35000
2.71000
1 # si
22
0.76000
2.89000
7.14000
1 # si
23
16.60000
5.41000 12.72000
1 # si
24
14.42000 17.07000
9.51000
1 # si
25
15.96000 10.88000
7.98000
1 # si
26
10.70000
6.39000
2.99000
1 # si
27
2.76000
4.55000
2.01000
1 # si
28
0.51000
5.21000
2.28000
1 # si
29
0.08000 17.65000
9.00000
1 # si
30
5.77000 12.43000
7.54000
1 # si
31
0.20000 17.52000
3.33000
1 # si
32
2.81000 11.72000
5.31000
1 # si
33
17.21000
6.83000 14.25000
1 # si
34
3.08000
9.68000
4.23000
1 # si
35
12.84000 16.13000 11.08000
1 # si
36
2.55000 10.87000 11.78000
1 # si
37
17.26000
1.22000 10.81000
1 # si
38
5.49000 16.06000
8.50000
1 # si
39
10.08000 10.13000 12.43000
1 # si
40
8.31000 17.64000 14.21000
1 # si
41
12.67000 11.59000 14.29000
1 # si
42
7.13000
9.43000
5.34000
1 # si
43
15.05000
1.36000 10.19000
1 # si
44
8.64000
1.55000 15.74000
1 # si
45
8.21000 13.80000
0.53000
1 # si
46
14.70000
5.54000
4.81000
1 # si
47
5.05000
1.62000
4.54000
1 # si
48
15.63000 12.28000 16.80000
1 # si
49
11.92000 13.93000 17.21000
1 # si
50
...
...
...
...
...
9.58721 12.76959 29.51597
2 # H
2572
6.14366 17.36130 28.59330
2 # H
2573
%endblock AtomicCoordinatesAndAtomicSpecies
SpinPolarized
F
# Default value
NonCollinearSpin
F
# Default value
SystemName
SiH
LongOutput
F
# Default value
NumberOfSpecies
2
WriteDenchar
F
# Default value
WriteMullikenPop
0
# Default value
MeshCutoff
100.0000000
Ry
# Above item originally: MeshCutoff
100.0000000
Ry
NetCharge
0.000000000
# Default value
MaxSCFIterations
50
DM.NumberPulay
3
DM.NumberBroyden
0
# Default value
DM.MixSCF1
F
# Default value
DM.PulayOnFile
F
# Default value
DM.MixingWeight
0.3000000000
DM.OccupancyTolerance
0.1000000000E-11
# Default value

76

BIBLIOGRAPHY

[1] A. Velosa. Semiconductor manufacturing: Boom busts, and globalization. The Bridge, National
Academy of Engineering, 35:26, 2005.
[2] D. A. Drabold, P. A. Fedders, S. Klemm, and O. F. Sankey. Finite-temperature properties of
amorphous silicon. Phys. Rev. Lett., 67:2179–2182, Oct 1991.
[3] D. Quicker and J. Kakalios. Influence of deposition conditions on long-range electronic disorder
in n -type doped hydrogenated amorphous silicon. Phys. Rev. B, 60:2449–2455, Jul 1999.
[4] C. E. Parman, N. E. Israeloff, and J. Kakalios. Conductance fluctuations in doped hydrogenated
amorphous silicon. Phys. Rev. B, 47:12578–12589, May 1993.
[5] H. Schade A. V. Shah and J. Bailat. Thin-film silicon solar cell technology. Progress in Photovoltaics: Research and Applications, 12:113, 2004.
[6] R. A. Street. Hydrogenated Amorphous Silicon. Cambridge Solid State Science Series, 1991.
[7] R. E. I. Schropp and Miro Zeman. Amorphous and microcrystalline silicon Solar Cells: modeling
materials and device technology. Kluwer Academic Publishers, Norwell, Massachusetts, 1998.
[8] A. V. Shah, R. Platz, and H. Keppner. Thin-film silicon solar cells: A review and selected trends.
Sol. Energy Mater. Sol. Cells, 38:501, 1995.
[9] K. Morigaki. Physics of Amorphous Semiconductors. Imperial College Press, 1999.
[10] D. Beeman, R. Tsu, and M. F. Thorpe. Structural information from the raman spectrum of
amorphous silicon. Phys. Rev. B, 32:874–878, Jul 1985.
[11] H. M. Branz. Hydrogen collision model: Quantitative description of metastability in amorphous
silicon. Phys. Rev. B, 59:5498–5512, Feb 1999.
[12] G. D. Cody, T. Tiedje, B. Abeles, B. Brooks, and Y. Goldstein. Disorder and the optical-absorption
edge of hydrogenated amorphous silicon. Phys. Rev. Lett., 47:1480–1483, Nov 1981.
[13] P. W. Anderson. Model for the electronic structure of amorphous semiconductors. Phys. Rev. Lett.,
34:953–955, Apr 1975.
[14] D. C. Allan, J. D. Joannopoulos, and William B. Pollard. Electronic states and total energies in
hydrogenated amorphous silicon. Phys. Rev. B, 25:1065–1080, Jan 1982.
[15] Z. E. Smith and S. Wagner. Band tails, entropy, and equilibrium defects in hydrogenated amorphous silicon. Phys. Rev. Lett., 59:688–691, Aug 1987.
[16] G. Ganguly and A. Matsuda. Defect formation during growth of hydrogenated amorphous silicon.
Phys. Rev. B, 47:3661–3670, Feb 1993.
[17] R. Fisch and D. C. Licciardello. Negative-u states in the gap in hydrogenated amorphous silicon.
Phys. Rev. Lett., 41:889–891, Sep 1978.
[18] W. B. Jackson. Role of hydrogen complexes in the metastability of hydrogenated amorphous
silicon. Phys. Rev. B, 41:10257–10260, May 1990.

77
[19] R. Biswas, B. C. Pan, and Y. Y. Ye. Metastability of amorphous silicon from silicon network
rebonding. Phys. Rev. Lett., 88:205502, May 2002.
[20] T. Takeda and Seijiro S. Amorphous silicon position sensor for telephone terminal. MRS
Proceedings, 118:399, 1988.
[21] P. G. LeComber K. D. Mackenzie and W. E. Spear. The characteristics and properties of optimised
amorphous silicon field effect transistors. Applied physics A: materials science and processing,
31:72, 1983.
[22] K. D. Mackenzie A. J. Snell and A. J. Hughes. Application of amorphous silicon field effect
transistors in addressable liquid crystal display panels. Aplied physics A: materials science and
processing, 24:357, 1981.
[23] D. E. Carlson and C. R. Wronski. Amorphous silicon solar cell. Appl. Phys. Lett., 28:671, 1976.
[24] A. Kolodziej. Staebler-wronski effect in amorphous silicon and its alloys. Opto-electronics Rev.,
12:21, 2004.
[25] M. Stutzmann, W. B. Jackson, and C. C. Tsai. Light-induced metastable defects in hydrogenated
amorphous silicon: A systematic study. Phys. Rev. B, 32:23–47, Jul 1985.
[26] S. T. Pantelides. Defects in amorphous silicon: A new perspective. Phys. Rev. Lett., 57:2979–2982,
Dec 1986.
[27] Z. Remes, M. Vanecek, A. H. Mahan, and R. S. Crandall. Silicon network relaxation in amorphous
hydrogenated silicon. Phys. Rev. B, 56:R12710–R12713, Nov 1997.
[28] S. Zafar and E. A. Schiff. Hydrogen and defects in amorphous silicon. Phys. Rev. Lett., 66:1493–
1496, Mar 1991.
[29] J. L. Benton, C. J. Doherty, S. D. Ferris, D. L. Flamm, L. C. Kimerling, and Leamy H. J. Hydrogen
passivation of point defects in silicon. Applied Physics Letters, 36:670, 1980.
[30] A. Asano. Effects of hydrogen atoms on the network structure of hydrogenated amorphous and
microcrystalline silicon thin films. Applied Physics Letters, 56:533–535, Feb 1990.
[31] N. Maley and J. S. Lannin. Influence of hydrogen on vibrational and optical properties of a-si1−x hx
alloys. Phys. Rev. B, 36:1146–1152, Jul 1987.
[32] D. L Staebler and C. R. Wronski. Reversible conductivity changes in discharge produced amorphous Si. Applied Physics Letters, 31:292, 1977.
[33] H. Fritzsche. Photo-induced structural changes associated with the staebler-wronski effect in
hydrogenatedamorphoussilicon. Solid State Communications, 94:953–955, Jun 1995.
[34] H. Oheda. Photoinduced structural instability around the Si-H bond in undoped hydrogenated
amorphous silicon. Phys. Rev. B, 68:085206, Aug 2003.
[35] T. Su, P. C. Taylor, G. Ganguly, and D. E. Carlson. Direct role of hydrogen in the Staebler-Wronski
effect in hydrogenated amorphous silicon. Phys. Rev. Lett., 89:015502, Jun 2002.
[36] R. Bellisent, A. Menelle, W. S. Howells, A.C. Wright, R. N. Brunier, T. M. amd Sinclair, and
F. Jansen. The structure of amorphous Si:H using steady state and pulsed neutron sources. Physica
B, 156:217, 1989.

78
[37] G. Lucovsky, R. J. Nemanich, and J. C. Knights. Structural interpretation of the vibrational spectra
of a-SiH alloys. Phys. Rev. B, 19:2064–2073, Feb 1979.
[38] J. A. Reimer, R. W. Vaughan, and J. C. Knights. Proton magnetic resonance spectra of plasmadeposited amorphous Si : H films. Phys. Rev. Lett., 44:193–196, Jan 1980.
[39] W. E. Carlos and P. C. Taylor. 1 H nmr in a-si. Phys. Rev. B, 26:3605–3616, Oct 1982.
[40] K. Jarolimek, R. A. de Groot, G. A. de Wijs, and M. Zeman. First-principles study of hydrogenated
amorphous silicon. Phys. Rev. B, 79:155206, Apr 2009.
[41] F. Buda, Guido L. Chiarotti, R. Car, and M. Parrinello. Structure of hydrogenated amorphous
silicon from ab initio molecular dynamics. Phys. Rev. B, 44:5908–5911, Sep 1991.
[42] F. Wooten, K. Winer, and D. Weaire. Computer generation of structural models of amorphous Si
and Ge. Phys. Rev. Lett., 54:1392–1395, Apr 1985.
[43] L. Guttman. Model of hydrogenated amorphous silicon. Phys. Rev. B, 23:1866–1874, Feb 1981.
[44] P. A. Fedders and D. A. Drabold. Hydrogen and defects in first-principles molecular-dynamicsmodeled a -si:h. Phys. Rev. B, 47:13277–13282, May 1993.
[45] B. Tuttle and J. B. Adams. Structure of a-Si : H from Harris-functional molecular dynamics. Phys.
Rev. B, 53:16265–16271, Jun 1996.
[46] K. K. Gleason, M. A. Petrich, and J. A. Reimer. Hydrogen microstructure in amorphous hydrogenated silicon. Phys. Rev. B, 36:3259–3267, Aug 1987.
[47] J. Daey Ouwens and R. E. I. Schropp. Hydrogen microstructure in hydrogenated amorphous
silicon. Phys. Rev. B, 54:17759–17762, Dec 1996.
[48] R. Timilsina and P. Biswas. A theoretical study of hydrogen microstructure in the models of
hydrogenated amorphous silicon. Phys. Status Solidi A, 207:609, 2010.
[49] P. Biswas and R. Timilsina. Vacancies, microstructure and the moments of nuclear magnetic
resonance: the case of hydrogenated amorphous silicon. J. Phys.:Condens. Matter, 32:056801,
2011.
[50] A. Filipponi, F. Evangelisti, M. Benfatto, S. Mobilio, and C. R. Natoli. Structural investigation of aSi and a-Si : H using x-ray-absorption spectroscopy at the Si K edge. Phys. Rev. B, 40:9636–9643,
Nov 1989.
[51] S. Roorda, W. C. Sinke, J. M. Poate, D. C. Jacobson, S. Dierker, B. S. Dennis, D. J. Eaglesham,
F. Spaepen, and P. Fuoss. Structural relaxation and defect annihilation in pure amorphous silicon.
Phys. Rev. B, 44:3702–3725, Aug 1991.
[52] A. H. Mahan, Y. Xu, D. L. Williamson, W. Beyer, M. Vanecek, L. M. Gedvillas, and B. P. Nelson.
Structural properties of hot wire a − Si : H films deposited at rates in excess of 100 Angstrom/sec.
J. Appl. Phys., 90:5038, 2001.
[53] A. H. Mahan, D. L. Williamson, B. P. Nelson, and R. S. Crandall. Characterization of microvoids
in device-quality hydrogenated amorphous silicon by small-angle x-ray scattering and infrared
measurements. Phys. Rev. B, 40:12024–12027, Dec 1989.
[54] S. Kugler, G. Molnár, G. Petö, E. Zsoldos, L. Rosta, A. Menelle, and R. Bellissent. Neutrondiffraction study of the structure of evaporated pure amorphous silicon. Phys. Rev. B, 40:8030–
8032, Oct 1989.

79
[55] C. Manfredotti, F. Fizzotti, M. Boero, P. Pastorino, P. Polesello, and E. Vittone. Influence of
hydrogen-bonding configurations on the physical properties of hydrogenated amorphous silicon.
Phys. Rev. B, 50:18046–18053, Dec 1994.
[56] A. A. Langford, M. L. Fleet, B. P. Nelson, W. A. Lanford, and N. Maley. Infrared absorption
strength and hydrogen content of hydrogenated amorphous silicon. Phys. Rev. B, 45:13367–13377,
Jun 1992.
[57] E. C. Freeman and William Paul. Infrared vibrational spectra of rf-sputtered hydrogenated
amorphous silicon. Phys. Rev. B, 18:4288–4300, Oct 1978.
[58] H. Shanks, C. J. Fang, L. Ley, M. Cardona, F.J. Demond, and Kalbitzer S. Infrared spectrum and
structure of hydrogenated amorphous silicon. Physica status solidi B, 100:43–56, 1980.
[59] K. Binder and D.W. Heermann. Monte Carlo Simulation in Statistical Physics. Springer-Verlag
Berlin Heidelberg, 2002.
[60] Parthapratim Biswas, Raymond Atta-Fynn, and D. A. Drabold. Experimentally constrained
molecular relaxation: The case of hydrogenated amorphous silicon. Phys. Rev. B, 76:125210, Sep
2007.
[61] Parthapratim Biswas, De Nyago Tafen, and D. A. Drabold. Experimentally constrained molecular
relaxation: The case of glassy Gese2 . Phys. Rev. B, 71:054204, Feb 2005.
[62] P. N. Keating. Effect of invariance requirements on the elastic strain energy of crystals with
application to the diamond structure. Phys. Rev., 145:637–645, May 1966.
[63] Frank H. Stillinger and Thomas A. Weber. Computer simulation of local order in condensed
phases of silicon. Phys. Rev. B, 31:5262–5271, Apr 1985.
[64] J. Tersoff. New empirical approach for the structure and energy of covalent systems. Phys. Rev. B,
37:6991–7000, Apr 1988.
[65] R. Jones. Ab initio calculation of the phonon frequencies in silicon using small atomic clusters.
Journal of Physics C: Solid State Physics, 20(14):L271, 1987.
[66] I. Kwon, R. Biswas, and C. M. Soukoulis. Molecular-dynamics simulations of defect formation in
hydrogenated amorphous silicon. Phys. Rev. B, 45:3332–3339, Feb 1992.
[67] D. Marx and J. Hutter. ab Initio Molecular Dynamics. Cambridge University Press, 2009.
[68] R. Car and M. Parrinello. Unified approach for molecular dynamics and density-functional theory.
Phys. Rev. Lett., 55:2471–2474, Nov 1985.
[69] M. Tosolini, L. Colombo, and M. Peressi. Atomic-scale model of c − Si/a-Si : H interfaces. Phys.
Rev. B, 69:075301, Feb 2004.
[70] K. Laaziri, S. Kycia, S. Roorda, M. Chicoine, J. L. Robertson, J. Wang, and S. C. Moss. Highenergy x-ray diffraction study of pure amorphous silicon. Phys. Rev. B, 60:13520–13533, Nov
1999.
[71] J. Fortner and J. S. Lannin. Radial distribution functions of amorphous silicon. Phys. Rev. B,
39:5527–5530, Mar 1989.
[72] R. Singh, S. Prakash, Nitya Nath Shukla, and R. Prasad. Sample dependence of the structural,
vibrational, and electronic properties of a-Si : H: A density-functional-based tight-binding study.
Phys. Rev. B, 70:115213, Sep 2004.

80
[73] R. Biswas, A. M. Bouchard, W. A. Kamitakahara, G. S. Grest, and C. M. Soukoulis. Vibrational
localization in amorphous silicon. Phys. Rev. Lett., 60:2280–2283, May 1988.
[74] R. Alben, D. Weaire, J. E. Smith, and M. H. Brodsky. Vibrational properties of amorphous Si and
Ge. Phys. Rev. B, 11:2271–2296, Mar 1975.
[75] C.W. Rella, M. van der Voort, A.V. Akimov, A.F.G. van der Meer, and J.I Dijkhuis. Localization
of the Si − H stretch vibration in amorphous silicon. Appl. Phys. Lett., 75:2945, 1998.
[76] T. Su, S. Chen, P. C. Taylor, R. S. Crandall, and A. H. Mahan. Molecular hydrogen in hydrogenated
amorphous silicon: Nmr evidence. Phys. Rev. B, 62:12849–12858, Nov 2000.
[77] A. Abragam. Principles of Nuclear Magnetism. Oxford University Press, 1983.
[78] R. C. Chittick, J. H. Alexander, and H. F. Sterling. Electrochemical Society, 16:77, 1969.
[79] G. N. van den Hoven, Z. N. Liang, L. Niesen, and J. S. Custer. Evidence for vacancies in
amorphous silicon. Phys. Rev. Lett., 68:3714–3717, Jun 1992.
[80] J. B. Boyce and M. Stutzmann. Orientational ordering and melting of molecular H2 in an a-Si
matrix: NMR studies. Phys. Rev. Lett., 54:562–565, Feb 1985.
[81] D. A. Drabold, T. A. Abtew, F. Inam, and Y. Pan. Network structure and dynamics of hydrogenated
amorphous silicon. J. Non-Cryst. Solids, 354:2149–2154, 2008.
[82] S. Chakraborty and D. A. Drabold. Static and dynamic properties of hydrogenated amorphous
silicon with voids. Phys. Rev. B, 79:115214, Mar 2009.
[83] M. H. Brodsky, Manuel Cardona, and J. J. Cuomo. Infrared and raman spectra of the siliconhydrogen bonds in amorphous silicon prepared by glow discharge and sputtering. Phys. Rev. B,
16:3556–3571, Oct 1977.
[84] J. H. Van Vleck. The dipolar broadening of magnetic resonance lines in crystals. Phys. Rev.,
74:1168–1183, Nov 1948.
[85] M. Mehring. Principles of High Resolution NMR in Solid. Springer-Verlag Berlin, New York,
1983.
[86] Kuo-Chiang Hsu. Nuclear magnetic resonance study on Si − H microstructure in hydrogenated
amorphous silicon prepared by diluted-hydrogen and hydrogen-atom-treatment methods. Applied
Physics Letters, 61:2075–2077, Oct 1992.
[87] J. Baum, K. K. Gleason, A. Pines, A. N. Garroway, and J. A. Reimer. Multiple-quantum nmr study
of clustering in hydrogenated amorphous silicon. Phys. Rev. Lett., 56:1377–1380, Mar 1986.
[88] Y. Wu, J. T. Stephen, D. X. Han, J. M. Rutland, R. S. Crandall, and A. H. Mahan. New hydrogen
distribution in a-Si : H: An NMR study. Phys. Rev. Lett., 77:2049–2052, Sep 1996.
[89] Marjolein van der Voort, Chris W. Rella, Lex F. G. van der Meer, Andrey V. Akimov, and
Jaap I. Dijkhuis. Dynamics of Si − H vibrations in an amorphous environment. Phys. Rev. Lett.,
84:1236–1239, Feb 2000.
[90] R. J. Scharff and S. D. McGrane. Si − H bond dynamics in hydrogenated amorphous silicon. Phys.
Rev. B, 76:054301, Aug 2007.
[91] Eunja Kim, Young Hee Lee, Changfeng Chen, and Tao Pang. Vacancies in amorphous silicon: A
tight-binding molecular-dynamics simulation. Phys. Rev. B, 59:2713–2721, Jan 1999.

81
[92] Eunja Kim and Young Hee Lee. Electronic structure of vacancies in amorphous silicon. Phys.
Rev. B, 51:5429–5432, Feb 1995.
[93] D. T. Britton, A. Hempel, M. Härting, G. Kögel, P. Sperr, W. Triftshäuser, C. Arendse, and
D. Knoesen. Annealing and recrystallization of hydrogenated amorphous silicon. Phys. Rev. B,
64:075403, Jul 2001.
[94] D. L. Williamson, A. H. Mahan, B. P. Nelson, and R. S. Crandall. The observation of microvoids
in device quality hydrogenatedamorphoussilicon. Phys. Rev. B, 114:226–228, 1989.
[95] Y. J. Chabal and C. K. N. Patel. Infrared absorption in a-si: H: First observation of gaseous
molecular hydrogen and Si − H overtone. Phys. Rev. Lett., 53:210–213, Jul 1984.
[96] H. v. Löhneysen, H. J. Schink, and W. Beyer. Direct experimental evidence for molecular hydrogen
in amorphous si: H. Phys. Rev. Lett., 52:549–552, Feb 1984.
[97] W. M. M. Kessels A. H. M. Smets and M. C. M. van de Sanden. Vacancies and voids in
hydrogenated amorphous silicon. Appl. Phys. Lett., 82:1547, 2003.
[98] J. E. Graebner, B. Golding, L. C. Allen, D. K. Biegelsen, and M. Stutzmann. Solid hydrogen in
hydrogenated amorphous silicon. Phys. Rev. Lett., 52:553–556, Feb 1984.
[99] J. M. Holender, G. J. Morgan, and R. Jones. Model of hydrogenated amorphous silicon and its
electronic structure. Phys. Rev. B, 47:3991–3994, Feb 1993.
[100] S. B. Zhang and Howard M. Branz. Hydrogen above saturation at silicon vacancies: H-pair
reservoirs and metastability sites. Phys. Rev. Lett., 87:105503, Aug 2001.
[101] P. Ordejón, Emilio Artacho, and José M. Soler. Self-consistent order-N density-functional
calculations for very large systems. Phys. Rev. B, 53:R10441–R10444, Apr 1996.
[102] David V. Tsu, Benjamin S. Chao, Stanford R. Ovshinsky, Scott J. Jones, Jeffrey Yang, Subhendu
Guha, and Raphael Tsu. Heterogeneity in hydrogenated silicon: evidence for intermediately
ordered chainlike objects. Phys. Rev. B, 63:125338, Mar 2001.
[103] G. Kresse and J. Hafner. Ab initio molecular dynamics for liquid metals. Phys. Rev. B, 47:558–561,
Jan 1993.
[104] Peter Klein, Herbert M. Urbassek, and Thomas Frauenheim. Tight-binding molecular-dynamics
study of a − Si : H : preparation, structure, and dynamics. Phys. Rev. B, 60:5478–5484, Aug
1999.
[105] R. G. Parr and W. Yang. Density-Functional Theory of Atoms and Molecules. Oxford Science
Publications, 1994.
[106] J. M. Soler, E. Artacho, D. J. Gale, A. Garcia, J. Junquera, P. Ordejón, and D. Sánchez-Portal. The
siesta method for ab initio order-n materials simulation. Journal of Physics: Condensed Matter,
14:2745, 2002.
[107] P. Hohenberg and W. Kohn. Inhomogeneous electron gas. Phys. Rev., 136:B864–B871, Nov 1964.
[108] G. Kotliar, S. Y. Savrasov, K. Haule, V. S. Oudovenko, O. Parcollet, and C. A. Marianetti.
Electronic structure calculations with dynamical mean-field theory. Rev. Mod. Phys., 78:865–951,
Aug 2006.
[109] W. Kohn and L. J. Sham. Self-consistent equations including exchange and correlation effects.
Phys. Rev., 140:A1133–A1138, Nov 1965.

82
[110] R. Robles, J. Izquierdo, A. Vega, and L. C. Balbás. All-electron and pseudopotential study of the
spin-polarization of the v(001) surface: Lda versus gga. Phys. Rev. B, 63:172406, Apr 2001.
[111] J. Izquierdo, A. Vega, L. C. Balbás, Daniel Sánchez-Portal, Javier Junquera, Emilio Artacho,
Jose M. Soler, and Pablo Ordejón. Systematic ab initio study of the electronic and magnetic
properties of different pure and mixed iron systems. Phys. Rev. B, 61:13639–13646, May 2000.
[112] A. Raymond and P. Biswas. Atomistic modeling of amorphous silicon carbide: an approximate
first-principles study in constrained solution space. J. Phys.:Condens. Matter, 21:265801, 2009.
[113] P. G. L. Comber. Role of hydrogen in amorphous silicon. Nature, 284:214, March 1980.
[114] H. Touir, K. Zellama, and J.-F. Morhange. Local si-h bonding environment in hydrogenated
amorphous silicon films in relation to structural inhomogeneities. Phys. Rev. B, 59:10076–10083,
Apr 1999.
[115] D. L. Williamson, D. W. M. Marr, J. Yang, B. Yan, and S. Guha. Nonuniform h distribution in
thin-film hydrogenated amorphous si by small-angle neutron scattering. Phys. Rev. B, 67:075314,
Feb 2003.
[116] S. Roorda, S. Doorn, W. C. Sinke, P. M. L. O. Scholte, and E. van Loenen. Calorimetric evidence
for structural relaxation in amorphous silicon. Phys. Rev. Lett., 62:1880–1883, Apr 1989.
[117] K. Kokalj. J. Mol. Graphics Modelling, 17:176, 1999.
[118] R. C. Ross, A. G. Jhoncock, and A. R. Chan. Physical microstructure in device-quality hydrogenated amorphous silicon. J. of Non-Crystalline Solids, 66:81–86, July 1984.
[119] Peter D’Antonio and John H. Konnert. Small-angle-scattering evidence of voids in hydrogenated
amorphous silicon. Phys. Rev. Lett., 43:1161–1163, Oct 1979.
[120] Mark S. Conradi and R. E. Norberg. Molecular h2 : Nuclear-spin-relaxation centers for protons in
a-si: H. Phys. Rev. B, 24:2285–2288, Aug 1981.
[121] D. J. Leopold, Peter A. Fedders, R. E. Norberg, J. B. Boyce, and J. C. Knights. Deuteron and
proton magnetic resonance in amorphous silicon. Phys. Rev. B, 31:5642–5656, May 1985.

